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Block  19.  Abstract  -  continued. 

A  detailed  analysis  with  KRASH  was  then  conducted  for  all  configurations  of  landing  gears.  The  crash- 
worthy  conditions  investigated  for  each  gear  design  were  combinations  of  five  sink  speeds,  four  roll  angles 
and  four  pitch  angles.  Forty-eight  impact  conditions  with  the  landing  gear  retracted  were  also  investigated. 
The  results  of  the  KRASH  analyses  were  consolidated  into  weight  trend  tables  and  curves  to  determine  the 
increment  in  weight  of  energy  absorbing  material  to  make  crash  impact  survivable.  ^Based  on  the  weight 
trend  curves  and  cost  analysis,  a  crashworthy  design  criterion  was  recommended. 

This  design  criterion  was  the  basis  for  updating  the  landing  gear  design.  The  designs  identify  the  fabrication 
methods  and  processes  for  the  landing  gear.  Estimates  of  cost  and  weight  of  the  updated  designs  are  also 
presented. 
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SECTION  1 


INTRODUCTION 


This  report  describes  the  results  of  the  work  completed  in  all  phases  of  the 
program  for  the  preliminary  design  investigation  on  the  advanced  technology 
helicopter  landing  gear.  The  overall  program  consisted  of  three  phases; 

•  Phase  I  -  Landing  Gear  Design  Development 

•  Phase  II  -  Design  Criteria  Development 

•  Phase  III  -  Design  Update 

The  objective  of  the  program  was  to  conduct  a  preliminary  design  investigation 
of  retractable  and  fixed  landing  gears  in  order  to  investigate  the  effects  of 
various  crashworthy  design  parameters.  Three  landing  gears  were  designed: 

a.  A  crashworthy  retractable  landing  gear 

b.  A  crashworthy  fixed  landing  gear 

c.  A  standard  (noncrashworthy)  retractable  landing  gear 

The  evaluation  of  the  two  crashworthy  designs  was^wth  respect  to  the  standard 
gear  designed  for  normal  design  operating  conditions.  The  three  landing  gears 
were  designed  for  an  LHX  utility-class  helicopter  in  the  6000-10,000-pound 
gross  weight  range.  As  a  resvilt  of  the  investigation,  a  set  of  crashworthy  design 
criteria  was  selected  and  the  preliminary  designs  were  updated  to  the  selected 
criteria.  The  crashworthy  design  criteria  were  based  on  weight  sensitivity  and 
cost  analysis  of  the  crashworthy  helicopter,  for  which  drag  had  already  been 
optimized.  The  design  criteria,  therefore,  establish  the  highest  cumulative 
frequency  of  occurrence  of  all  survivable  helicopter  accidents  acceptable  while 
minimizing  weight,  cost  and  drag. 

In  the  Phase  I  study,  two  baseline  helicopters  were  identified  and  designed. 
Baseline  BHI  helicopter  was  designed  with  the  crashworthy  retractable  and  fixed 
landing  gears.  Baseline  BH2  helicopter  is  noncrashworthy  and  was  designed  for 
the  standard  landing  gear;  it  is  capable  of  the  same  payload  as  the  BHI  helicopter. 
The  gross  weight  of  the  crashworthy  BHI  helicopter  is  10,000  pounds. 


The  design  of  the  crashworthy  landing  gears  applies  the  systems  approach  where 
the  total  impact  energy  absorbed  is  shared  by  the  landing  gear,  fuselage  and 
seat.  The  crashworthy  landing  gears  are  designed  to  absorb  52  percent  of  the 
kinetic  energy  for  an  impact  of  42  fps  at  0  degree  roll  and  0  degree  pitch.  After 
the  landing  gear  collapses,  the  fuselage  deforms  to  absorb  the  remaining  energy 
and  the  load-limiting  seats  stroke  to  maintain  the  acceleration  on  the  occupants 
at  survivable  levels. 

The  designs  of  the  baseline  helicopters  and  the  respective  landing  gears  were 
completed  by  an  iterative  process  by  evaluating  crashworthiness  against  weight, 
drag,  grovind  resonance  and  cost.  The  design  configuration  of  the  crashworthy 
landing  gears  included  a  torque  tube  to  couple  the  two  trailing  arms  of  the 
main  gear.  The  torque  tube  thus  transmits  torque  from  one  trailing  arm  to  the 
other  in  an  unsymmetrical  impact  forcing  both  shock-absorbing  struts  to  absorb 
the  impact  energy.  Material  trade-off  studies  were  conducted  for  potential  land¬ 
ing  gear  components  with  fiber  reinforced  organic  and  metal  matrices  and  materials 
requiring  advanced  processes.  Crashworthiness  with  the  gear  extended  was 
evaluated  using  program  "KRASH"  for  symmetrical  and  nonsymmetrical  impact 
conditions  for  sink  speeds  of  30  fps,  36  fps  and  42  fps  at  impact  attitudes  of 
0  to  20  degree  roll  angles  and  -10  to  +20  degree  pitch  angles.  Residual 
energy  absorbing  capability  was  also  evaluated  with  program  KRASH  for  symmetri¬ 
cal  impact  at  27  fps  with  the  landing  gear  retracted.  All  impact  conditions  evalu¬ 
ated  in  Phase  1  were  occupant  survivable  and  pointed  to  the  efficacy  of  the  design 
in  high  roll  impact  conditions. 

In  the  Phase  II  study,  in  addition  to  the  coupled  crashworthy  landing  gear,  a 
second  crashworthy  landing  gear  configuration  was  designed.  In  the  second  con¬ 
figuration,  the  trailing  arms  of  the  landing  gear  were  uncoupled;  i.e.,  no 
provision  was  made  to  transmit  torque  through  a  torque  tube  from  one  trailing 
arm  to  the  other.  A  total  of  86  KRASH  analyses  were  conducted  for  both  coupled 
and  uncoupled  configurations  with  the  gear  extended  and  retracted.  The  weight 
sensitivity  of  the  fixed  gear  was  determined  from  the  crash  behavior  of  the 
retractable  gear  in  the  extended  position.  This  was  possible  because  the  dynamics 
and  energy  absorption  curve  for  the  two  systems  are  identical.  The  influence  of 
the  crash  behavior  of  the  fixed  gear  configuration  is  only  on  the  landing  gear 
(not  the  fuselage  and  crew  seat)  and  due  to  weight  only  with  all  other  parameters 
remaining  unchanged.  Since  the  fixed  gear  is  less  than  0.7  percent  lighter  than 
the  retractable  gear,  the  influence  of  weight  is  easily  accounted  for  in  the  weight 
sensitivity  analysis.  In  addition,  48  KRASH  analyses  were  also  conducted  for 
fuselage  impact,  with  the  landing  gear  retracted  at  three  sink  speeds  and  the 
same  roll  and  pitch  attitudes  as  the  impacts  with  the  landing  gear  extended.  The 
loads  and  deformations  from  KRASH  analyses  were  used  to  size  the  landing  gear 
components,  fuselage  and  crew  seats.  The  weights  of  each  of  the  components  were 
then  calculated.  The  weight  sensitivity  analysis  was  then  performed  and  the 
weight  trend  curves  were  constructed.  The  results  of  the  analysis  were  used  to 
develop  a  design  criterion.  The  selected  recommended  design  criterion  is  for  an 
uncoupled  landing  gear. 

The  designs  of  the  crashworthy  retractable  and  fixed  landing  gears  were  revised 
in  the  Phase  III  study  to  meet  the  recommended  design  criteria  developed  ui 
Phase  II.  The  revised  preliminary  designs  are  for  the  uncoupled  landing  gear 
optimized  for  drag,  cost  and  weight  to  meet  the  design  criteria. 


2.1  GENERAL 


The  crashworthiness  requirements  given  in  Phase  I  are  revisions  to,  and  an 
expanded  envelope  of,  MIL-STD- 1290.  The  investigations  conducted  with  these 
requirements  were  used  for  preliminary  sizing  and  to  identify  specific  impact 
parameters  for  further  investigation  in  Phase  II.  The  requirements  of  Phase  II 
are  less  severe  but  required  detailed  investigation  to  complete  the  weight  sensi¬ 
tivity  analysis.  Based  on  these  investigations,  the  designs  of  the  landing  gears, 
together  with  their  respective  baseline  helicopters,  were  completed  by  an  itera¬ 
tive  process  to  optimize  the  structure  to  the  operational  and  crashworthiness 
reqviirements . 

2.2  PHASE  I  CRASHWORTHINESS  REQUIREMENTS 

The  Phase  I  crashworthiness  requirements  were  utilized  to  define  design  concepts 
and  establish  specific  design  goals  for  detailed  investigation  in  Phase  II  of  the 
crashworthy  landing  gears.  The  landing  gears  must  satisfy  the  normal  operat¬ 
ing  design  conditions  of  a  standard  (noncrashworthy)  landing  gear  and  also  meet 
the  impact  envelope  of  sink  speeds,  roll  angles  and  pitch  angles  shown  in  Fig¬ 
ure  1.  The  impact  surface  is  assumed  to  be  infinitely  rigid. 

The  normal  operating  conditions  are  those  stated  in: 

•  MIL-A-8863A,  "Military  Specification.  Airplane  Strength  and  Rigidity, 
Gi'ound  Loads  for  Navy  Procured  Airplanes,"  12  July  1974  (which  now 
supersedes  MIL-A-8862) ,  for  ground  handling  and  taxiing  (except  for 
a  vertical  load  factor  of  1.2  at  the  center  of  gravity  for  two-  and 
three-point  braked  roll) . 

•  MIL-S-8698,  "Military  Specification.  Structural  Design  Requirements, 
Helicopters,"  28  February  1958,  for  obstruction  landing  reqmrements. 

•  AMCP  706-201,  "Engineering  Design  Handbook.  Helicopter  Engineering 
Part  One,  Preliminary  Design,"  for  transportability,  symmetric  and 
asymmetric  landing  conditions,  and  reserve  energy  requirements. 


In  addition,  supplemental  design  requirements  included  horizontal  speed  condi¬ 
tions  for  limit  and  reserve  energy  sink  speed,  considerations  for  retracting  the 
landing  gear,  and  designing  for  fatigue  loads. 


INFINITELY  RIGID  IMPACT  SURFACE 


Figure  1.  Crashworthy  requirements  for  the  retractable  and  fixed  landing  gears. 


2.3  PHASE  II  CRASHWORTHINESS  REQUIREMENTS 

The  Phase  II  crashworthiness  reqmrements  were  investigated  in  detail  to 
determine  the  influences  of  crashworthiness  conditions  on  the  weight  of  the 
helicopter.  The  study  includes  the  effects  of  different  crash  impacts  with  the 
landing  gear  extended  and  with  it  retracted.  The  impact  conditions  with  the 
landing  gear  extended  are  combinations  of  each  of  the  following: 

•  Sink  speed:  42,  36,  30,  20,  15  fps 

•  Roll  angle:  0,  5,  10,  15  deg 

•  Pitch  angle:  -5,  0,  +7.5,  +15  deg 

The  impact  conditions  with  the  landing  gear  retracted  are  combinations  of  each 
of  the  following: 

•  Sink  speed:  35,  30,  25  fps 

•  Roll  angle:  0,  5,  10,  15  deg 

•  Pitch  angle:  -5,  0,  +7.5,  +15  deg 

2.4  DESIGN  METHODOLOGY 

The  design  methodology  is  an  iterative  process  fashioned  to  first  assess  the 
system  size  requirements,  then  to  complete  the  preliminary  design  and,  lastly, 
to  finalize  the  detail  designs.  The  analytical  tool  used  to  verify  the  crashworthy 
design  features  is  program  KRASH  (Reference  1) .  The  design  iteration  flow 
chart  is  shown  in  Figure  2. 

The  methodology  requires  that  the  helicopter  be  first  sized.  For  preliminary 
sizing,  the  helicopter  in  the  neighborhood  of  the  occupant  is  first  designed, 
including  all  the  major  items  and  the  attachment  points.  The  design  should  also 
include  features  to  meet  the  requirements  of  the  probable  impact  conditions  and 
of  the  human  tolerance  levels.  The  helicopter  structure  is  then  modelled  for 
program  KRASH  by  simulated  masses,  springs  and  beams.  The  initial  sizing 
of  the  components  can  be  made  with  a  simple  (five-mass)  KRASH  model.  As 
the  design  develops,  refinements  are  made  for  drag,  ground  resonance,  results 
of  stress  analysis,  materials,  weight  and  cost.  In  addition,  the  KRASH  model 
increases  in  complexity  in  order  to  more  correctly  evaluate  loads,  deformations 
and  crash  parameters  of  accelerations,  rates  and  durations  of  accelerations, 
and  Dynamic  Response  Index  (DRI)  of  the  occupant.  With  each  stage  of  KRASH 
analysis,  structural  design  and  concept  are  refined  to  meet  the  crashworthiness 
requirements.  The  acceptable  design  is  one  which  meets  the  crashworthiness 
requirements  and  is  optimized  for  weight  and  cost. 
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Figure  2.  Iteration  flowchart  for  crashworthy  design  methodolo 


SECTION  3 


PRELIMINARY  DESIGN  OF  THE  LANDING  GEARS 


3.1  THE  DESIGNS  AND  DESIGN  CONSIDERATIONS 

The  preliminary  designs  of  five  landing  gears  are  presented.  The  five  designs 
consist  of 

a.  The  crashworthy  retractable  landing  gear  with  coupled  main  gear 
trailing  arms 

b.  The  crashworthy  fixed  landing  gear  with  coupled  main  gear  trailing 
arms 

c.  The  standard  (noncrashworthy)  retractable  landing  gear 

d.  The  crashworthy  retractable  landing  gear  with  uncoupled  main  gear 
trailing  arms 

e.  The  crashworthy  fixed  landing  gear  with  uncoupled  main  gear  trailing 
arms 

In  this  study  of  crashworthy  landing  gears,  the  systems  approach  to  crashworthi¬ 
ness  is  applied,  where  the  absorption  of  the  total  impact  energy  is  shared  by  the 
landing  gear,  fuselage  and  seat.  From  the  moment  of  contact,  the  landing  gear 
begins  to  stroke  and  the  shock  strut  absorbs  the  kinetic  energy.  After  the 
fuselage  contacts  the  ground,  the  landing  gear  continues  to  stroke  while  addi¬ 
tional  energy  is  absorbed  through  fuselage  deformation.  The  crew  seats  stroke 
during  the  deformation  to  attenuate  peak  accelerations  and  to  limit  them  within 
human  tolerance  levels.  The  principle  of  the  systems  approach  is  shown  in 
Figure  3. 

The  crashworthy  landing  gear  configuration  selected  is  a  trailing  arm,  tailwheel 
design.  A  tailwheel  configuration  has  been  identified  in  Reference  2  as  the 
minimum  weight  solution  to  the  crashworthy  landing  gear  design  problem.  Other 
advantages  of  the  tailwheel  configuration  include: 

•  Overall  crew  and  passenger  safety  is  enhanced  because  this  design 
easily  allows  the  landing  gear  to  be  placed  outside  of,  thus  minimizing 
the  possibility  of  landing  gear  intrusion  into,  the  cabin  area. 


•  The  tailwheel  landing  gear  design  allows  nose  down  rolling  takeoffs, 

a  very  dangerous  maneuver  with  other  gear  configurations,  such  as  a 
tricycle  landing  gear. 

The  trailing  arm  design  for  the  main  landing  gear  has  been  selected  for  the 
following  reasons; 

•  The  energy  absorption  of  the  landing  gear  is  relatively  insensitive 
to  side  loadings.  (See  Figure  4.) 

•  The  rearward  rake  of  the  main  landing  gear  is  safer  than  other  designs 
in  a  forward  velocity  rough  terrain  or  obstructed  runway  landing 
because  of  the  landing  gear's  natural  tendency  to  deflect  up  and  back, 
over  the  obstruction. 

ENERGY  ABSORPTION  ALMOST  UNALTERED  BY  LATERAL  LOADS 

SHOCK  ABSORBER/ ACTUATOR  WITH 
SPHERICAL  BRGS  AT  EACH  END; 

NO  SHOCK  ABSORBER/ACTUATOR 

LOADS  PRODUCED  BY  LATERAL  ^ 

LOADS  AT  WHEEL 


LIMITED  SLIP 
COUPLING 


TR;  LING  ARM  AND  AXLE 


TRAILING  ARM 
PIVOT  AXIS 


LATERAL 
LOADS  REACTED 
ONLY  AT  TRAILING 
ARM  FITTINGS 


WHEEL 


Figure  4.  Reaction  of  lateral  loads  in  trailing  arm 
tvoe  landine  Bear. 


•  Short,  direct  load  paths  for  the  crash  loads  that  utilize  the  same 
structure  that  is  needed  for  flight  and  landing  loads. 

•  Energy  absorption  is  provided  through  large  displacements  of  the 
shock  struts.  This  reduces  the  accelerations  imposed  on  the  occupants. 

•  With  proper  strut  geometry,  nearly  constant  ground  load  factors  are 
achieved  throughout  the  landing  gear  stroke,  thus  optimizing  energy 
absorption  while  minimizing  landing  gear  loads. 

Each  trailing  arm  of  the  coupled  landing  gear  includes  a  torque  tube.  The  two 
torque  tubes  are  connected  by  a  limited  slip  coupling  which  ties  the  trailing  arms 
together.  This  allows  the  left-side  and  right-side  gears  to  act  independently  of 
each  other  for  ground  handling  and  gear  resonance  purposes,  and  allows  both 
gears  to  act  dependently  of  each  other  for  high  roll  vertical  crashes.  The  coupled 
landing  gear,  therefore,  activates  one  more  item  of  the  system,  which  otherwise 
would  remain  passive,  to  absorb  crash-impact  energy  in  an  unsymmetrical  impact. 
In  the  case  of  the  uncoupled  landing  gears,  the  torque  tube  is  replaced  by  a 
cross  tube  which  is  not  designed  to  transmit  the  high  torque  of  crash  impact 
from  one  trailing  arm  to  the  other.  In  the  uncoupled  landing  gear  designs, 
which  also  utilize  the  systems  approach  to  crashworthiness,  only  the  shock 
strut(s)  of  the  respective  landing  gear(s)  contacting  the  ground  absorbs  the 
impact  energy. 

The  systems  approach  necessitates  designing  the  fuselage  along  with  the  landing 
gear.  Since  this  study  will  result  in  crashworthy  design  criteria  based  on  weight 
for  crashworthy  landing  gears  in  comparison  to  a  standard  landing  gear,  two 
baseline  helicopter  designs  are  established  to  allow  for  an  accurate  estimate  of 
the  increases  in  weight  of  the  total  system  to  meet  the  crashworthy  reqxiirements . 
The  landing  gear  configurations  are  designed  for  use  with  a  10,000-lb  gross 
weight  helicopter. 

The  designs  of  the  crashworthy  fuselage  and  landing  gears  are  based  on  KRASH 
analyses  described  in  Section  4.  The  results  of  KRASH  analyses  determined  the 
following  preliminary  crashworthiness  design  parameters  for  the  helicopter; 

•  7.5g  landing  gear 

•  25.5  inches  of  ground  stroke 

•  15g  fuselage 

•  9  inches  of  crushable  zone  in  the  lower  fuselage  with  7  inches  of 
effective  stroke  available  to  absorb  the  kinetic  energy 


•  14  inches  of  seat  stroke 


3.2  ESTABLISHING  BASELINE  CONFIGURATIONS 


Two  baseline  LHX  utility  helicopters  have  been  designed.  The  baseline  helicopter 
for  aill  crashworthy  landing  gears  is  derived  from  the  1982  SCAT  helicopter  design 
(CT5)  of  Contract  DAAK50-78-G-004  (Reference  3).  This  baseline  crashworthy 
helicopter  is  referred  to  as  BHI.  The  baseline  helicopter  for  the  standard 
retractable  landing  gear  is  referred  to  as  BH2.  The  empty  weight  of  the  BH2 
baseline  helicopter  is  lighter  than  BHI  because  it  is  noncrashworthy. 

The  definitions  of  the  baseline  helicopters  include  the  identification  and  location 
of  the  major  mass  items,  the  major  structural  members  and  the  load  paths  for  the 
design  landing  loads.  The  major  mass  items  are  the  rotor  systems,  transmission, 
engines,  fuel  cells,  crew  and  other  occupants.  The  structural  members  are  the 
nose  cone,  cockpit  and  cabin  areas,  tail  boom  and  landing  gear  hard  points. 

The  bulkheads  and  lower  fuselage  have  been  defined  to  the  extent  that  the  load 
paths  from  the  landing  gear  can  be  identified  and  the  weights  of  crushable 
material  can  be  calculated.  The  helicopters  have  tailwheel  landing  gears  and 
are  designed  for  a  crew  of  two  seated  side  by  side  and  six  troops  seated  three 
abreast. 

3.2.1  BHI  Baseline  Helicopter 

The  BHI  baseline  helicopter  was  selected  for  the  retractable  and  fixed  crash- 
worthy  landing  gears  with  coupled  and  uncoupled  trailing  arms  as  shown  in 
Figure  5.  The  fuselage  is  443  inches  long,  78  inches  wide  and  66  inches  high. 

The  retractable  main  landing  gear  retracts  into  external  fairings  which  extend 
outboard  4  inches  on  either  side  of  the  fuselage.  The  tail  gear  is  fully  retract¬ 
able.  For  the  coupled  and  uncoupled  fixed  landing  gears,  the  fairings  are  not 
required  but  blisters  are  added  to  reduce  fuselage  drag.  The  BHI  helicopter 
with  retractable  and  fixed  configurations  of  the  coupled  and  uncoupled  landing 
gears  utilizes  the  retraction  mechanism  of  the  combination  of  actuator  and  shock 
strut  to  kneel  the  helicopter  for  transportation  in  a  C-I4I  aircraft. 

The  crashworthiness  design  requirements  of  the  BHI  helicopter  are 

a.  Maintain  protective  living  space  for  occupants 

b.  Keep  accelerations  to  survivable  levels 

c.  Prevent  breakaway  of  heavy  mass  items  (if  breakaway  is  properly 
designed  for,  this  can  be  beneficial) 

d.  Avoid  blade  strike 

e.  Prevent  post- crash  fires 

f.  Permit  easy  egress  from  crashed  aircraft 


The  first  three  requirements  are  met,  in  part,  with  two  energy-absorbing  keel 
beams  in  the  lower  fuselage  that  provide  9  inches  of  crushable  material.  The 
sides  of  the  helicopter  are  also  suitably  reinforced  with  crushable  material.  The 
bulkheads  are  located  and  strengthened  to  provide  adequate  support  for  the 
crew  and  heavy  mass  items.  The  seats  are  positioned  to  provide  for  standard 
human  engineering  reqmrements  and  adequate  seat  stroking. 

The  keel  beams  are  of  composite  sandwich  construction  having  Kevlar  49/epoxy 
skins  with  fibers  oriented  at  ±45  degrees  to  the  vertical  axis  of  the  helicopter, 
and  Nomex  honeycomb  core.  The  load-deflection  curve  for  a  sample  of  the  keel 
beams  is  shown  in  Figure  6.  In  a  crash  impact  condition,  the  keel  beams  will 
absorb  the  remaining  aircraft  kinetic  energy  following  the  collapse  of  the  landing 
gear.  The  9-inch-deep  keel  beams  are  designed  to  deform  a  maximum  of  7  inches. 
Details  of  the  crash  impact  parameters  and  the  efficacy  of  the  choice  of  this 
keel  beam  construction  are  given  in  Reference  4. 

3.2.2  BH2  Baseline  Helicopter 

The  BH2  baseline  helicopter  for  the  standard  (noncrashworthy)  landing  gear 
has  fully  retractable  main  and  tail  gears.  The  main  landing  gear  extends  below 
the  fuselage  after  doors  open  to  expose  them.  The  BH2  helicopter,  shown  in 
Figure  7,  is  443  inches  long,  72.8  inches  wide  and  63  inches  high.  The  avail¬ 
able  volume  inside  the  BH2  helicopter  is  the  same  as  that  of  the  BHl  helicopter 
and  has  the  same  kneeling  capability  for  transportation  in  a  C-141  aircraft. 

3.2.3  Weights  of  the  Baseline  Helicopters 


The  breakdown  of  the  gross  weights  of  BHl  and  BH2  helicopters  is  given  in 
Table  1.  The  gross  weights  of  BHl  helicopter  with  coupled  and  uncoupled 
landing  gear  are  given  in  the  table.  The  gross  weights  of  BHl  are  for  crash 
impact  conditions  requiring  the  greatest  energy-absorbing  material  in  the  system. 
The  weights  are  for  landing  gears  designed  with  conventional  materials,  i.e., 
without  the  use  of  composite  materials.  This  condition  for  BHl  with  a  retract¬ 
able  coupled  landing  gear  is  designed  to  meet  a  crash  impact  at  42  fps  and  an 
impact  attitude  of  15-degree  roll  and  +l5-degree  pitch.  The  most  severe  impact 
condition  for  BHl  with  uncoupled  landing  gear  is  for  42  fps  at  15  degrees  roll 
and  0  degree  pitch. 

The  differences  in  the  weights  of  the  heaviest  BHl  helicopter  with  coupled  land¬ 
ing  gear  and  BH2  helicopter  are  635  pounds.  This  weight  of  BHl  with  coupled 
landing  gear  is  still  19  pounds  lighter  than  the  maximum  increase  possible  if 
all  energy-absorbing  structures  were  to  deform  completely  to  their  design  maxi¬ 
mum.  This  maximum  possible  increase  in  weight  with  coupled  landing  gear  is 
654  pounds  but  is  never  required  in  practice.  The  breakdown  of  654  pounds  is 
given  in  Table  2.  The  BHl  helicopter  with  the  uncoupled  landing  gear  is  53  pounds 
lighter  than  that  with  coupled  landing  gear.  The  weight  of  BHl  with  uncoupled 
landing  gear,  shown  in  Table  1,  is  only  i  pound  lighter  than  the  maximum 
possible  increase  of  583  pounds.  The  design  with  the  uncoupled  landing  gear. 
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Figure  6.  Load-deflection  curve  for  the  sandwich  beams  used  in 
the  keel  beam  construction  of  BHl  helicopter. 


TABLE  1.  COMPARISON  OF  GROSS  WEIGHTS  OF  MAXIMUM 
CRASHWORTHY  RETRACTABLE  AND  STANDARD 
HELICOPTERS 


Item 

Helicopter  Weight,  lb 

BHl  Crashworthy 
Landing  Gear 

BH2  Standard 
Landing  Gear 

Coupled 

Uncoupled 

Crew  (2) 

500 

500 

500 

Payload 

1,763 

1,763 

1,763 

•  6  Troops 

•  1440 

•  1440 

•  1440 

•  Other 

•  323 

•  323 

•  323 

Fuel 

1,550 

1,550 

1,550 

Tail  Rotor 

67 

67 

67 

Body 

958 

1,045 

866 

Landing  Gear 

559 

414 

296 

Exhaust  (Black  Hole) 

94 

94 

94 

Nacelle 

139 

139 

139 

Fuel  System 

284 

284 

* 

154 

Armor 

230 

230 

230 

Furnishing  (Troop  Seat,  etc.) 

303 

308 

167 

Mission  Equipment 

919 

919 

919 

Common  Weight 

2,634 

2,634 

2,620 

Gross  Weight 


10,000 


9,947 


9,365 


TABLE  2.  MAXIMUM  POSSIBLE  INCREASE  IN  WEIGHT  REQUIRED 
FOR  CRASHWORTHINESS  BY  RETRACTABLE 
LANDING  GEARS 


Landing  Gear 

Configuration 

Item 

Coupled 

Uncoupled 

Main  and  Tail  Landing  Gear 

262  lb 

118  lb 

Fuselage  Structure 

105  lb 

178  lb 

Crew  Seats  (2) 

44  lb 

44  lb 

Troop  Seats  (6) 

6o  lb 

66  lb 

Seat  Support  Structure 

12  lb 

12  lb 

Rotor  Support  Structure 

4  lb 

4  lb 

Engine  Drive  System 

4  lb 

4  lb 

Engine  Mounts 

10  lb 

10  lb 

Fuel  System 

130  lb 

130  lb 

Roll  Bar 

17  lb 

17  lb 

Total 

654  lb 

583  lb 

NOTES:  (1)  This  maximum  weight  for  the  coupled  landing  gear  is 

never  required  because  aU  energy  absorbing  struc¬ 
tures  do  not  deform  simultaneously  to  their  design 
maximum. 

(2)  The  landing  gears  are  made  of  300M  alloy  steel. 

therefore,  utilizes  all  the  energy-absorbing  capacity  of  the  system,  with  no 
reserve  available,  for  the  most  severe  impact  condition.  The  breakdown  of 
583  pounds  is  also  given  in  Table  2.  Since  the  maximum  practical  differences 
in  weights  between  BHI  and  BH2  are  635  pounds  and  582  pounds,  these  figures 
will  be  used  in  subsequent  calculations.  To  determine  the  empty  weights  of  BHI 
and  BH2  helicopters,  3853  pounds  must  be  removed  from  their  respective  gross 
weights,  as  shown  in  Table  3. 
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TABLE  3.  BREAKDOWN  OF  WEIGHTS  TO  BE  REMOVED  TO 
OBTAIN  MANUFACTURED  EMPTY  WEIGHT 


Crew 

500 

lb 

Payload 

1,763 

lb 

Fuel 

1,550 

lb 

Engine  Oil 

40 

lb 

3,853 

lb 

3.3  DESIGN  OF  CRASHWORTHY  RETRACTABLE  COUPLED  LANDING  GEAR 

The  crashworthy  retractable  coupled  landing  gear,  designed  for  the  BHl  baseline 
helicopter,  is  designed  around  a  simply  articulated  trailing  arm  gear  with  a 
torque  tube  interconnect.  The  distinctive  design  features  of  the  crashworthy 
landing  gear  are  the  torque  tube  interconnecting  the  two  trailing  arms  and 
the  combination  of  actuator  and  energy-absorbing  strut.  A  conceptual  drawing 
of  the  landing  gear  is  shown  in  Figure  8.  The  reasons  for  choosing  the  trailing 
arm  design  have  already  been  explained  in  Section  3.1. 

The  purpose  of  connecting  the  trailing  arms  by  the  torque  tube  is  to  transmit, 
in  an  unsymmetrical  crash  condition,  half  of  the  crash  loads  from  the  ground¬ 
contacting  down- side  landing  gear  to  the  energy-absorbing  strut  of  the  up- side 
landing  gear.  The  interfaces  between  the  trailing  arms  and  the  torque  tube  are 
designed  to  allow  5  degrees  of  uncoupled  rotation  between  the  two  trailing  arms. 
The  5-degree  slip  allows  independent  movement  of  the  trailing  arms  during 
ground  handling  operations. 

The  purpose  of  using  a  combination  of  actuator  and  energy-absorbing  strut 
is  to  utilize  the  stroking  action  of  the  strut  as  the  retraction  mechanism.  The 
double-acting  strut  reduces  the  weight  of  the  landing  gear  by  eliminating 
the  need  for  a  dedicated  retraction  actuator. 

The  geometry  and  positioning  parameters  of  the  landing  gear  are  summarized 
below.  The  requirements  of  crash  impact  have  been  discussed  in  Section  2 
and  the  results  of  KRASH  analysis  and  the  manner  in  which  they  influence 
the  design  are  presented  in  Section  4.  The  geometry  and  positioning  of  the 
landing  gear  are  based  on  the  following  requirements  (Reference  5): 

•  Ground  handling,  for  a  given  ground  height: 

0.8g  braking  load,  determines  the  minimum  longitudinal  distance 
between  the  main  gear  and  the  helicopter  eg 


Figure  8.  Concept  features  of  the  crashworthy  coupled  landing  gears. 


0.5g  turning  load,  determines  the  minimum  lateral  distance 
between  the  main  gear  and  the  helicopter  eg. 


•  Structural: 

landing  gear  hard  points  should  be  close,  along  the  longitudinal 
axis,  to  the  helicopter  eg  in  order  to  minimize  the  lengths  of 
the  load  paths  and  the  magnitudes  of  the  loads 

hard  points  should  be  located  near  structural  members  capable 
of  reacting  the  landing  loads. 

•  Aerodynamic : 

landing  gear  stance  width  should  be  minimized  to  reduce  drag 
area 

•  Energy  Absorption: 

ground  clearance  should  be  maximized  to  reduce  fuselage  loading 
in  crash  conditions. 

The  first  three  requirements  are  optimized  when  the  ground  clearance  is  mini¬ 
mized.  This  is  in  direct  opposition  to  the  energy-absorption  requirement.  An 
attempt  to  optimize  all  of  the  conditions  has  lead  to  the  concept  of  the  dual¬ 
position  landing  gear.  The  helicopter  would  initially  contact  the  ground  with  the 
gear  in  the  fully  extended  "crash"  position.  Under  normal  loads,  the  helicopter 
would  automatically  settle  to  a  "low"  ground  handling  position. 

This  dual-position  concept  allows  the  longitudinal  and  lateral  positioning  of  the 
landing  gear  to  be  determined  for  a  low  ground  handling  height  and  yet  provide 
a  high  ground  clearance  for  the  energy-^absorption  and  fuselage  loading  require¬ 
ments.  The  concept  of  a  simply  articulated  gear  was  motivated  by  the  require¬ 
ment  for  kneeling  the  helicopter  for  the  convenience  of  transporting  it  and  for 
increased  energy-absorption  capability  with  the  gear  retracted. 

The  overall  landing  gear  configuration  is  designed  to  minimize  the  degrees 
of  motion  involved  in  the  retraction /stroking  process.  This  was  done  to  mini¬ 
mize  the  discontinuities  in  the  load  paths  through  the  landing  gear.  These 
discontinuities  would  take  the  form  of  joints  and  pivots,  the  interfaces  betwee:, 
separate  components,  and  would  necessarily  represent  high  weight  penalties. 
Additionally,  the  retraction  kinematics  utilize  the  same  mechanisms  for  the 
kneeling  and  energy-absorbing  motion. 

The  landing  gear  geometry  is  given  in  Figure  9  and  has  the  following  parameters: 

•  Ground  height,  extended  =  25.5  inches 

•  Ground  height,  handling  =  16.0  inches 


Geometr 


•  Geometry  or  shape  factor  =  1.52  average 

•  Main /Tail  weight  distribution  =  73:27 

•  Tread  width  =  78.0  inches 

•  Kneeled  wheel  extends  5.5  inches  below  fuselage  (giving  4.0  inches 
of  ground  clearance) 

•  Retracted  wheel  extends  2.8  inches  below  fuselage 

The  tail  landing  gear  will  be  fully  retractable  and  has  been  positioned  well 
forward  of  that  in  the  AH-64A  helicopter,  with  consequent  lower  weight  for  the 
tail  boom.  The  kinematics  of  the  tail  gear  are  shown  in  Figure  10. 

In  the  final  design,  all  components  of  the  landing  gear  are  made  from  300M  alloy 
steel.  The  decision  to  choose  this  material  is  explained  in  Section  3.10.  The 
geometry  of  the  torque  tube  is  shown  in  Figure  11.  The  outer  diameter  of 
7  inches  is  dictated  by  the  9  inches  of  available  space  in  the  lower  fuselage. 

The  trailing  arm  of  the  main  and  tail  gears  is  shown  in  Figures  12  and  13, 
respectively,  and  the  actuator-shock  strut  is  shown  in  Figure  14. 

3.4  DESIGN  OF  CRASHWORTHY  FIXED  COUPLED  LANDING  GEAR 

The  crashworthy  fixed  coupled  landing  gear  is  identical  in  design  to  the  crash- 
worthy  retractable  landing  gear  except  that  the  retracting  hydraulics,  gear 
door  mechanisms,  fairings  and  up-locks  are  absent.  The  crashworthy  fixed 
landing  gear  is  also  used  on  the  BHl  baseline  helicopter.  The  designs  of  the 
main  and  tail  landing  gears  are,  therefore,  based  on  the  trailing  arm  concept, 
and  on  a  torque  tube  for  the  main  landing  gear.  The  geometry  of  the  gear 
is  identical  to  that  shown  in  Figure  9  except  the  retracted  position  is  not 
available . 

3.5  DESIGN  OF  STANDARD  RETRACTABLE  LANDING  GEAR 

The  design  of  the  standard  retractable  landing  gear  is  based  on  the  same 
ground  handling,  structural  and  aerodynamic  requirements  as  those  given  for 
the  retractable  crashworthy  landing  gear.  This  landing  gear  is  designed 
without  a  metering  orifice  on  the  strut  in  order  to  have  a  positive  effect  on 
reliability  and  cost  reduction.  The  kinematics  of  the  standard  retractable 
landing  gear  are  shown  in  Figure  15. 

The  standard  retractable  main  landing  gear  has  an  articulated  trailing  arm  and 
is  designed  with  300M  alloy  steel  for  the  BH2  baseline  helicopter.  The  main 
gear  is  pivoted  about  a  hinge,  which  permits  the  gear  to  be  first  retracted  up 
by  the  trailing  arm  strut,  and  then  rotated  and  retracted  fully  into  the  wheel 
bay  with  the  help  of  a  small  secondary  actuator  (Figure  15).  The  tail  gear  is 
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also  designed  with  a  trciiling  arm  and  retracts  fully  into  the  tail  boom,  Figure  16. 
The  leinding  gear  parameters  are 

•  Ground  height,  extended  -  24.5  inches 

•  Ground  height,  handling  -  16.25  inches 

•  Main /Tail  weight  distribution  -  80:20 

•  Tread  width  -  84.  2  inches 

3.6  DESIGN  OF  CRASHWORTHY  UNCOUPLED  LANDING  GEARS 


Preliminary  designs  of  two  crashworthy  uncoupled  landing  gears  were  also 
completed  in  Phase  II.  The  uncoupled  retractable  and  fixed  landing  gears  were 
designed  to  determine  their  relative  weight  advantages  over  corresponding  coupled 
landing  gears.  The  major  change  in  the  design  is  replacing  the  steel  torque  tube 
of  the  coupled  gear  with  a  steel  cross  tube  for  the  uncoupled  gear.  The  cross 
tube  runs  laterally  across  the  airframe  and  is  connected  to  it  by  pivot  fittings 
at  each  side.  The  trailing  arms  pivot  on  the  projecting  ends  of  the  cross  tube 
allowing  the  wheel  travel  to  occur  restrained  only  by  the  oleo.  This  arrangement 
has  the  advantage  of  reacting  all  lateral  and  drag  loads  on  the  wheel  at  the 
cross  tube  while  loading  the  oleo  only  in  the  axial  direction.  The  cross  tube 
and  trailing  arms  of  the  uncoupled  gears  are  lighter  than  their  counterparts  in 
the  coupled  gears  because  they  react  much  lower  loads  and  no  torque.  The 
cross  tube,  and  its  assembly  to  the  trailing  arm,  is  shown  in  Figure  17.  The 
weights  breakdown  is  shown  in  Tables  1,  2  and  3.  Detailed  descriptions  of 
uncoupled  landing  gear  designs  are  given  in  Section  9,  DESIGN  UPDATE.  The 
material  trade-off  study  for  the  cross  tube  is  discussed  in  Section  3.10.2. 

3.7  WEIGHTS  OF  THE  LANDING  GEARS 


The  weights  of  the  landing  gears  are  composed  of  seven  elements  shown  in 
Table  4.  The  differences  in  weight  between  the  three  gears  are  in  the  weights 
of  the  torque  or  cross  tube,  trailing  arms  and  shock  struts.  These  three  com¬ 
ponents  of  the  landing  gear  are  made  of  300M  alloy  steel  as  shown  in  the  table. 
The  weights  of  the  other  elements  in  the  table  remain  unchanged  for  all  impact 
conditions.  The  weights  of  the  crashworthy  landing  gears  shown  in  Table  4  are 
for  the  heaviest  gears  required  to  absorb  the  energy  for  the  most  severe  impact 
condition,  which  is  at  42  fps  and  15  degrees  roll,  with  +15  degrees  pitch  for  the 
coupled  gear  and  0  degree  pitch  for  the  uncoupled  gear.  These  weights  of  the 
retractable  landing  gear  are  included  in  the  helicopter  weights  in  Table  1. 

3.8  DRAG  ESTIMATES 

Throughout  the  design  process  of  the  baseline  helicopters  and  the  landing  gears, 
drag  estimates  have  been  made  to  continuously  refine  the  design  and  reduce 
parasitic  drag.  The  configuration  of  the  crashworthy  landing  gear  analyzed  is 
shown  in  Figure  18.  The  final  drag  estimates  of  the  three  landing  gears  and 
of  the  two  helicopters  are  given  in  Table  5. 
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TABLE  5.  PARASITIC  DRAG 


Drag  Estimates,  Af, 

sq  ft 

Crashworthy 

Standard 

Item 

Retractable 

Fixed 

Retractable 

Total  Helicopter 

•  Retracted  L.G. 

10.  16  (Faired) 

- 

9.39  (Flush) 

•  Extended  L.G. 

13.91 

12.  75 

11.93 

Landing  Gear 

•  Main 

1.88 

1.  90 

0.88 

•  Tail 

0.53 

0.44 

0.44 

•  Fuselage /L .  G .  Gaps 

1.00 

- 

1.00 

3.9  GROUND  RESONANCE  ANALYSIS 

Analytical  evaluation  of  the  ground  resonance  characteristics  of  the  crashworthy 
landing  gears  was  based  on  airframe  mass  and  inertia  properties  shown  in  Table  6, 
landing  gear  stiffnesses,  and  kinematics  of  the  BHl  baseline  helicopter.  The 
main  gear  tire  properties  are  for  a  Type  VII,  18.0  x  5.5,  12  PR  with  67  to  150 
percent  of  design  pressure.  The  tail  gear  tire  is  of  Type  III,  5,00-4,  12  PR  with 
67  to  150  percent  of  design  pressure.  The  rotor  properties  are  scaled  from  a 
detailed  design  of  HHI's  Model  500  HARP  hingeless  rotor  to  the  LHX  geometry. 

The  fundamental  dimensions  of  the  HARP  rotor  are  given  below. 


GEOMETRY 


500  HARP 


LHX  HARP 


TABLE  6.  AIRFRAME  MASS  PROPERTIES 


Item 

Value 

Gross  Weight,  lb 

10,000 

Vertical  CG ,  in. 

58.  1 

Horizontal  CG,  in. 

205 

Roll  Inertia,  10^  lb-in.  ^ 

17.  76 

Pitch  Inertia,  10^  lb-in.  ^ 

99.20 

6  2 

Yaw  Inertia,  10  lb-in. 

96.30 

The  main  rotor  properties  are  given  in  Table  7.  The  ground  resonance  analysis 
identified  two  requirements.  The  precharge  of  the  main  landing  gear  oleo  should 
be  1710  lbs.  This  is  shown  in  Figure  19.  Specifications  of  an  anti-extension 
spring  to  minimize  the  "dead-band"  at  lift-off  are  also  shown  in  this  figure. 

This  is  a  conventional  device  used  on  most  helicopter  oleos. 

It  was  also  shown  that  an  auxiliary  orifice  should  be  used  in  the  oleo  to 
increase  damping  at  low  velocities,  associated  with  ground  resonance,  without 
affecting  the  damping  forces  during  high  velocities,  associated  with  limit 
sink  speeds  and  crash  conditions.  A  similar  auxiliary  orifice  is  used  in  the 
oleo  of  the  AH-64A  Apache  helicopter.  The  requirements  of  the  auxiliary 
orifice  are  given  in  Figure  20. 


TABLE  7.  MAIN  ROTOR  PROPERTIES 


Item 


Lag  Hinge  Offset,  in. 

Weight  Moment  about  Lag  Hinge 
Station,  in-lb 

Moment  of  Inertia  about  Lag 
Hinge,,  Ib-in^ 

Lag  Hinge  Stiffness,  in-lb/rad 
Lag  Hinge  Damping,  in-lb/rad 


Value 


34.6 

6,320 

759,200 

130,700 

56,750 


I  LOAD,  lbs 


DAMPING  PORCE-VELOCITY  RELATIONS 


SEGMENT 'c' 

F  =  B 
c  c 

SEGMENT 'b' 


SEGMENTS 

F  =  B  • 
a  a 


VARIABLE 

COMPRESSION 

EXTENSION 

730 

3360 

"2 

1040 

4030 

2.5 

5.36 

''2 

12.5 

10.71 

117 

117 

6.67 

35.1 

damping  requ 

These  requirements  have  negligible  effect  on  weight  and  add  only  a  minor 
complexity  to  the  oleo  design.  These  features  are  incorporated  into  the 
designs  of  the  crashworthy  landing  gears. 

3.10  MATERIAL  TRADE-OFF  STUDY 

Advanced  material  systems  have  been  investigated  for  use  in  the  landing  gear 
components.  The  potential  advantages  of  substituting  advanced  materials  for 
conventional  materials  are 


Lighter  weight 


•  Reduced  volume  and  drag  area 


•  Lower  acquisition  and  life-cycle  costs 

•  Applicability  of  design  details. 

The  landing  gear  components  which  are  potential  candidates  for  redesign  with 
advanced  material  systems  are 

•  Torque  tube  or  cross  tube 

•  Trailing  arm 

•  Shock  strut 

The  advanced  material  component  designs  were  studied  as  interchangeable 
units  with  components  designed  of  the  baseline  material.  Volume  and  size  of 
the  components  are  important  criteria  because  of  restrictions  on  increasing  the 
drag  area  and  the  limitation  of  the  avadlable  internal  space. 

The  candidate  components  were  selected  for  redesign  with  advanced  material 
systems  because  design  requirements  indicated  potential  advantages.  The 
choices  of  the  various  material  systems  for  applicability  to  a  given  component 
were  first  weighted  and  ranked  with  respect  to  size,  weight  and  cost.  Follow¬ 
ing  this  evaluation ,  the  requirements  of  detail  design  were  given  particular 
emphasis.  Some  of  the  areas  which  required  definition  were  joints,  bearing 
surfaces  and  attachment  lugs  which  apply  significant  out-of-plane  loads  on 
the  components.  A  preliminary  evaluation  of  the  anticipated  advanced  materials 
and  processes  is  given  in  Table  8. 

Metal  matrix  composites  (MMC)  are  used  where  their  high  specific  mechanical 
properties,  low  coefficient  of  thermal  expansion,  and  stability  of  the  mechanical 
properties  at  high  temperatures  can  be  best  utilized.  The  aluminum  matrix 
composites  generally  provide  higher  longitudinal  strengths  whereas  titanium 
matrix  composites  provide  higher  transverse  strengths  and  higher  longitudinal 
stiffnesses,  and  are  suitable  for  higher  temperature  applications.  As  with  all 
fiber-reinforced  materials,  MMC  can  be  tailored  for  a  given  application  by  vary¬ 
ing  the  fiber,  matrix,  and  fiber  volume.  An  additional  advantage  of  MMC  is 
that  conventional  metal  design  considerations  are  generally  applicable.  The 
biggest  drawback  of  these  materials  at  this  time,  which  reflects  also  on  the 
design,  is  the  poor  potential  for  low-cost  fabrication  in  large  quantities. 

In  designing  with  organic  composite  materials,  conventional  design  methods  have 
to  be  reevaluated  to  achieve  the  potential  of  weight  savings  that  these  materials 
offer.  Careful  consideration  must  be  given  to  joining  techniques,  methods  of 
load  transfer  from  and  into  composite  structures,  and  impact  damage  from  stones 
and  debris  to  vulnerable  areas  of  the  landing  gear.  The  advantages  of  organic 
composites  are  the  very  high  specific  strength  and  stiffness  of  the  lamina,  the 
ability  to  optimize  the  design  by  tailoring  the  constituent  materials  and  by 
selectively  using  hybrids  for  specific  requirements,  and  the  ease  of  repairability . 

3.10.1  Composite  Materials  for  Coupled  Landing  Gear 


advantage  for  the  torque  tube  or  trailing  arm  because  of  the  high  torsional 
loads.  A  graphite /epoxy  torque  tube  with  a  steel  fitting  was  judged  to  be 
comparable  in  weight  to  a  fully  steel  torque  tube.  The  weights  of  five  alterna¬ 
tive  materials  for  the  components  of  the  landing  gear,  sized  on  the  basis  of 
static  loads  are  given  in  Table  9.  The  table  includes  weight  comparisons  for 
cases  of  bolted  and  bonded  steel  fittings,  with  a  graphite /epoxy  torque  tube, 
along  with  titanium  and  steel  baseline  data. 

The  weights  of  the  graphite /epoxy  torque  tube  with  steel  fittings  are  comparable 
to  those  of  the  steel  baseline  torque  tube  on  the  basis  of  static  loads.  Trailing 
arm  design  with  graphite /epoxy  was  not  investigated  because  of  the  limitation 
of  the  available  internal  space  for  the  retractable  landing  gear.  In  contrast, 
weights  of  the  titanium  torque  tube  and  trailing  arm  assembly  were  10  percent 
to  30  percent  greater  than  the  corresponding  steel  baseline. 

Though  graphite /epoxy  material  looked  encouraging  for  use  on  the  torque 
tube  under  static  loading,  it  was  rejected  on  the  basis  of  dynamic  load.  The 
results  of  KRASH  analysis  identified  the  dynamic  torsional  load  on  the  torque 
tube  to  be  over  2,000,000  inch-pounds,  more  than  double  that  of  the  1,000,000 
inch-pounds  used  for  the  static  load  to  initially  size  the  component.  Since  the 
outer  diameter  of  the  torque  tube  remains  constant,  increasing  the  wall  thick¬ 
ness  of  the  tube  internally  to  react  the  increased  torsional  load  will  result  in 
quickly  reaching  the  point  of  diminishing  returns.  The  weights  of  the  steel 
baseline  and  graphite /epoxy  torque  tubes  for  the  increased  dynamic  loads  are 
shown  in  Table  10.  The  graphite /epoxy  torque  tube  is  more  than  10  percent 
heavier  than  the  steel  baseline. 

As  explained  in  Section  3.3,  a  combination  actuator  and  energy-absorbing  strut, 
together  with  a  simply  articulated  gear,  was  chosen  for  a  lightweight  design  of 
the  landing  gear  because  dedicated  actuators  for  retraction  and  kneeling  are 
not  required.  This  combination  oleo /shock  strut,  with  efficiencies  as  high  as 
90  percent,  is  almost  the  perfect  device  for  absorbing  the  kinetic  energy  due 
to  sink  speed  (Reference  6).  The  close  tolerances  required  on  the  elements 
of  the  oleo /pneumatic  shock  absorbers  to  achieve  the  high  efficiency  level,  and 
the  labor-intensive  design  of  such  an  absorber,  does  not  lend  itself  to  redesign 
with  composite  materials. 

The  conventional  300M  alloy  steel  was,  therefore,  chosen  for  the  designs  of 
all  the  landing  gears  with  coupled  trailing  arms. 

3.10.2  Composite  Materials  for  Uncoupled  Landing  Gear 

From  the  analysis  on  the  torque  tube,  it  was  apparent  that  the  cross  tube  for 
the  uncoupled  landing  gear  lends  itself  to  composite  materials.  With  bending 
moment  rather  than  torsional  load  the  driving  criterion,  the  cross  tube  was 
redesigned  with  graphite /epoxy  with  steel  end-fittings  to  provide  the  bearing 
surfaces  required  for  mounting  the  trailing  arms.  The  end-fittings  are  shown 
bonded  on  to  the  graphite /epoxy  cross  tube  in  Figure  21.  The  redesigned 
cross  tube  weighs  24  pounds  to  react  the  loads  of  the  most  severe  crash  impact 
condition  of  42  fps  at  15-degree  roll  and  0  degree  pitch.  The  graphite /epoxy 
cross  tube  is  19  pounds  lighter  than  the  steel  cross  tube.  The  weight  break¬ 
down  of  uncoupled  landing  gears  with  graphite /epoxy  and  steel  cross  tubes 
are  given  in  Table  11. 


GRAPHITE/EPOXY 

CROSSTUBE 


crashworthy  uncoupled  landin 


condition . 


4. 1  SYSTEMS  APPROACH  TO  CRASHWORTHINESS 


A  sxirvivable  impact  implies  that,  for  a  particular  crash  condition,  the  crew  will 
not  be  incapacitated  by  injuries.  A  crashworthy  helicopter  design  protects  the 
crew  by  considering  the  many  criteria  affecting  the  crew  environment.  Two 
paramount  design  considerations  are 

•  Providing  a  protective  structured  shell  around  the  occupants  that  will 
not  collapse  or  allow  heavy  mass  items  to  penetrate  into  the  occupied 
space 

•  Minimizing  the  effect  of  the  crash  impulse  on  the  crew 

To  design  efficiently  and  effectively  to  meet  these  requirements,  a  systems 
approach  to  crashworthiness  has  been  adopted. 

For  severe,  yet  survivable,  impacts  the  system  of  energy  absorption  consists 
of  three  elements;  the  landing  gear,  the  crushable  floor  structure,  and  the 
load- attenuating  crew  seat.  This  has  been  illustrated  in  Figure  3.  To  develop 
a  well-balanced  and  consistent  design  approach,  any  one  particular  element  is 
not  considered  to  be  more  important  than  any  of  the  other  two  in  providing 
crash  protection.  Instead,  a  systems  approach  is  adopted  in  which  each  element 
is  considered  an  integral  link  in  the  chain  of  energy  absorption,  where  each 
link  is  as  important  as  the  rest  and  the  whole  system  provides  the  desired 
protection  for  the  crew. 

The  results  presented  for  impacts  of  the  crashworthy  retractable  landing  gear 
in  the  extended  position  also  apply  to  the  crashworthy  fixed  landing  gear. 

The  two  designs  are  identical  except  that  the  fixed  gear  is  41  pounds  lighter 
due  to  the  elimination  of  the  retraction  mechanism  as  discussed  in  Section  3.4. 

4.2  CRASHWORTHINESS  DESIGN  PARAMETERS 

The  analytical  approach  used  to  verify  the  crashworthy  design  features  is 
program  KRASH  (Reference  1).  During  the  preliminary  design  effort,  a  simple 
five-mass  KRASH  model  was  created.  The  simple  model,  shown  in  Figure  22, 
was  used  for  initial  iterations  to  assess  the  system  size  and  crew  survivability 
requirements  before  finalizing  the  preliminary  design.  The  proposed  landing 
gear  design  utilizes  a  tailwheel  helicopter  configuration,  where  nearly  75  percent 
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of  the  helicopter  weight  is  supported  by  the  main  landing  gear.  Since  the  main 
landing  gear  is  located  in  close  proximity  to  the  crew  cabin,  the  simple  KRASH 
model  represents  only  that  portion  of  the  aircraft  supported  by,  and  in  close 
proximity  to,  the  main  landing  gear. 

The  simple  KRASH  model  represents  the  main  landing  gear  as  a  spring  which 
supports  an  occupant  and  a  seat,  and  the  distributed  mass  of  the  helicopter. 

Also  modeled  is  the  crushable  fuselage  under  the  crew  compartment,  the 
energy-absorbing  crew  seat  and  the  Dynamic  Response  Index  (DRI)  of  the 
occupants.  The  results  from  this  model  were  used  to  verify  the  initial  calcula¬ 
tions  made  to  size  the  system  and  to  optimize  the  size  requirements  for  the 
particular  design  constraints. 

The  DRI  is  a  model  of  spinal  injury  and  is  used  to  predict  the  maximum  deforma¬ 
tion  of  the  spine  and  the  associated  force  within  the  vertebral  column  for  various 
short-duration  accelerations  (Reference  7) .  An  analytical  relationship  exists 
relating  DRI  to  the  injuries  experienced.  The  higher  the  DRI-value,  the 
greater  is  the  injury.  A  DRI  of  21  is  considered  to  be  within  acceptable  human 
tolerance  levels  (Reference  8). 

As  a  result  of  the  study  with  the  simple  model,  three  configurations  of  landing 
gear,  fuselage  and  crew  seat  were  chosen  as  possible  design  solutions  in  a 
trade-off  study  with  other  design  constraints  such  as  braking,  turning,  passen¬ 
ger  or  cargo  loading  and  transportability.  Table  12  summarizes  the  results  for 
these  configurations. 

Using  the  occupant  response  (DRI)  as  a  measure  of  the  severity  of  an  impact, 
the  results  of  all  these  configurations  indicate  the  impacts  are  survivable.  It 
was  decided  to  focus  the  design  around  the  7g  landing  gear  because  the  DRI  for 
that  impact  condition  was  considered  the  most  acceptable  compromise  of  the  cases. 
Overprotection,  or  low  DRIs,  would  probably  result  in  weight  increases,  and  the 
higher  DRI  (20.9)  was  considered  borderline  from  the  standpoint  of  the  prob¬ 
ability  of  an  "acceptable"  injury. 


TABLE  12.  CONFIGURATION  STUDY  TO  OPTIMIZE  SYSTEM 
SIZE  REQUIREMENTS 

The  results  are  for  a  42  fps  vertical  velocity  and  0  degree  roll  and  pitch 


Landing  Gear 


Fuselage 


Crew  Seat 


Load  Stroke,*  Load  Stroke,  Load  Stroke, 

Configuration  Factor,  G  inches  Factor,  G  inches  Factor,  G  inches  DRI 


1 

6.5 

30 

16 

1 

5.2 

13.5 

12.2 

14.8 

2 

7.0 

28 

16 

5.2 

13.5 

11.  5 

16.5 

3 

8.  5 

24 

16 

4.5 

13.5 

8.8 

20.9 

*Landing  gear  strokes  represent  the  maximum  at  the  time  of  fuselage  contact. 
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With  the  model  parameters  now  directed  toward  a  more  specific  goal,  detailed 
symmetrical  and  nonsymmetrical  KRASH  models  were  generated.  The  models 
are  shown  in  Figure  23.  The  details  of  the  crew  seat  portion  of  the  model  have 
already  been  shown  separately  in  Figure  22.  The  models  consisted  of  a  7g  land¬ 
ing  gear  with  28  inches  of  stroke,  a  16g  fuselage  with  7  inches  of  effective 
stroke,  and  a  13.  5g  crewseat  with  14  inches  of  stroke. 

The  preliminary  analysis  with  this  KRASH  model  was  conducted  for  a  42  fps 
sink  speed  at  impact  attitudes  of  0  degree  roll  and  0  degree  pitch.  It  was 
found  that  the  impact  velocity  of  the  fuselage  resulted  in  fuselage  deformations 
higher  than  those  anticipated  and,  in  some  locations,  exceeded  the  designed 
crushable  distance.  It  was  then  decided  to  increase  the  load  level  of  the  landing 
gear  to  7.5g.  The  subsequent  KRASH  analysis  gave  satisfactory  results  and 
the  7.5g  load  level  was  incorporated  into  the  design.  To  utilize  more  of  the 
underfloor  crushable  space,  the  load  level  of  the  crushable  floor  structure  was 
lowered  from  16g  to  15g.  The  resulting  design  accelerations  for  vertical  impacts 
are  shown  in  Figure  24. 

4.3  PHASE  I  KRASH  ANALYSIS 

Phase  I  analysis  of  crash  impact  behavior  was  initiated  with  the  KRASH  model 
modified  to  reflect  the  new  load  levels.  The  symmetrical  and  nonsymmetrical 
impact  conditions  analyzed  are  shown  in  Figures  25  and  26.  The  combined 
symmetrical  and  nonsymmetrical  KRASH  analyses  comprise  26  impact  conditions. 

All  the  impact  conditions  studied  were  survivable  as  evidenced  by  the  occupants' 
DRI  data  and  by  comparing  the  accelerations  of  the  occupant  seatpan,  lower 
torso,  and  upper  torso  with  the  acceptable  human  tolerance  limits  given  by  the 
Eiband  human  tolerance  curves  (Reference  8).  All  of  the  inputs  tested  are 
considered  successful  using  the  occupant  response  as  the  indicator  of  a 
survivable  impact. 

The  simulated  landing  gear  design  functioned  as  expected  and  absorbed  the 
necessary  energy  needed  to  attenuate  the  impact  velocities  to  levels  that  could 
be  absorbed  successfully  by  the  fuselage.  For  severe  vertical  impacts  of  42  fps, 
the  landing  gear  absorbs  nearly  52  percent  of  the  impact  kinetic  energy.  The 
landing  gear  efficiency  was  assumed  to  be  80-85  percent,  similar  to  that  of  the 
AH-64  helicopter.  The  strokes  of  the  main  and  tail  landing  gear  versus  sink 
speed  and  aircraft  impact  attitude  are  shown  in  Figures  27  and  28  for  symmetrical 
impact  and  in  Figures  29  through  31  for  nonsymmetrical  impact.  The  longest 
landing  gear  stroke  is  required  at  42  fps  sink  speed  with  10  degrees  roll  and 
-5  degrees  pitch  for  the  main  gear  and  with  5  degrees  roll  and  +15  degrees 
pitch  for  the  tail  gear.  The  advantage  of  designing  the  main  landing  gear  with 
torque  tube  coupling  is  shown  in  Figure  32.  Without  torque-tube  coupling,  the 
stroke  requirements  of  the  main  landing  gear  are  67  percent  greater  for  the 
severest  case  of  42  fps  sink  speed,  20  degrees  roll  and  +15  degrees  pitch.  It 
was  found  that  the  stroke  requirements  for  the  fuselage  and  crew  seats  were 
also  considerably  lower  with  torque  tube  coupling. 
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STROKE  VS.  AIRCRAFT  PITCH  AND  SINK  SPEED 


landing  gear  strokes  for  symmetrical  impact  in  Phase  I  stud 
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STROKE  VS  AIRCRAFT  PITCH  AND  ROLL  AHITUDE  AT  42  FPS  SINK  SPEED 


Main  landing  gear  stroke  with  and  without  tori 


The  fuselage  deformations  at  36  and  42  fps  for  symmetrical  impacts  are  shown 
in  Figures  33  and  34,  respectively,  and  for  nonsymmetrical  impacts  in  Fig¬ 
ures  35  and  36,  respectively.  In  all  cases  the  impacts  were  survivable.  The 
most  severe  fuselage  deformation  occurred  for  impact  conditions  of  42  fps  sink 
speed  at  0  degree  roll  and  -5  degrees  pitch.  The  total  designed  crushable 
distance  in  the  nose  region  of  the  aircraft  was  utilized.  With  the  fuselage 
bottoming  out,  the  fuselage  crushing  stiffness  is  greatly  increased  and  large 
loads  can  occur  for  very  short  additional  strokes,  which  increase  the  possibility 
of  transmitting  injurious  accelerations  to  the  occupants.  In  the  present  design, 
however,  sufficient  residual  stroke  in  the  crew  seat  is  present  to  attenuate 
these  higher  load  levels  when  the  fuselage  bottoms  out. 

The  seat  strokes  for  symmetrical  crash  impacts  and  the  corresponding  DRIs 
are  given  in  Figures  37  and  38.  The  DRI  values  ranged  from  16.1  to  19.8, 
which  correspond  to  acceleration  levels  in  the  no-injury  area  of  the  Eiband 
human  tolerance  curve  shown  in  Figure  39.  The  severe  deformation  in  the 
fuselage  nose  at  42  fps  sink  speed,  0  degree  roll  and  -5  degrees  pitch,  as 
discussed  earlier,  resulted  in  maximum  stroking  of  the  crew  seat.  The  DRI 
(19.3)  and  the  upper  and  lower  torso  accelerations  of  the  occupant  indicate 
little  possibility  of  occupant  injury. 

Two  additional  symmetrical  KRASH  analyses  were  conducted  with  gear-up  con¬ 
dition  at  27  fps  with  and  without  residual  energy  capability.  Honeycomb,  similar 
to  those  in  the  keel  beam,  was  designed  into  the  fairings  above  the  retracted 
gear  to  provide  the  residual  energy  capability.  The  energy-absorbing  fairing 
reduces  deformation  in  the  forward  and  mid  sections  of  the  fuselage  by  25  to 
7  percent,  as  seen  in  Figure  34,  and  requires  slightly  longer  crew  seat  stroke, 
as  seen  in  Figure  37.  However,  the  occupant  response,  in  general,  are 
equivalent  for  both  these  conditions  as  seen  in  Figures  38  and  39. 

The  seat  strokes  for  nonsymmetrical  impacts  were  all  below  the  available  design 
seat  stroke  (Figure  40).  The  corresponding  DRIs,  shown  in  Figure  41,  ranged 
from  17.5  to  19.9,  and  the  accelerations  of  the  upper  and  lower  torsos  indicate 
no  injurious  loads  are  transmitted  to  the  crew  as  demonstrated  on  the  Eiband 
curve,  shown  in  Figure  42.  The  DRIs  predicted  by  program  KRASH  are  con¬ 
sistent  with  the  peak  DRI  calculated  with  a  trapezoidal  seat  pulse.  This  cor¬ 
relation  is  shown  in  Figure  43. 

The  effect  of  torque-tube  coupling  on  landing  gear  stroke  for  nonsymmetrical 
impacts  at  42  fps  was  discussed  earlier  and  illustrated  in  Figure  32.  The  67  per¬ 
cent  increase  in  landing  gear  stroke  for  the  uncoupled  case  (20  degree  roll 
and  +15  degree  pitch)  also  resulted  in  62.5  percent  increase  in  crew  seat  stroke. 
In  contrast,  for  20  degree  roll  and  0  degree  pitch,  whereas  the  uncoupled 
landing  gear  stroke  increased  by  15  percent,  the  crew  seat  stroke  for  the 
uncoupled  case  increased  315  percent.  The  seat  strokes  with  and  without 
torque  tube  are  shown  in  Figure  44. 


Fuselage  crushing  for  nonsymmetrical  impact  at  36  fps  sink 
in  Phase  I  study  of  coupled  landing  gear . 


STROKE  VS  AIRCRAFT  PITCH  AND  ROLL  ATTITUDE  AT  42  FPS 


SEAT  STROKE  VS  AIRCRAFT  PITCH  AND  SINK  SPEED 


strokes  for  symmetrical  impacts 
of  coupled  landing  gear. 


One  analysis  with  program  KRASH  was  conducted  to  evaluate  the  influence 
of  longitudinal  velocity  on  occupant  response.  The  analysis  was  conducted 
with  a  combined  vertical  sink  speed  of  42  fps  and  longitudinal  speed  of  25  fps 
at  -5  degree  pitch.  The  KRASH  analysis  indicated  that  the  addition  of  a  for¬ 
ward  velocity  component,  for  a  crash-impact  on  an  infinitely  rigid  surface,  has 
no  effect  on  occupant  response  in  the  vertical  direction.  This  result  is  reasonable 
because  normally  the  only  energy  absorbed  by  the  fuselage  due  to  a  forward  vel¬ 
ocity  component  is  frictional  energy  generated  by  the  normal  force  in  the  fuselage 
crxish  zone  and  the  contacting  surface.  Under  most  conditions,  a  longitudinal 
velocity  crash  condition  is  used  only  to  analyze  a  soft  field  or  obstructed  runway 
landing  where  forward  fuselage  crash  behavior  is  an  important  criterion  in  assess¬ 
ing  occupant  damage.  Based  on  the  results  of  this  analysis,  crash  impact  behav¬ 
ior  involving  a  forward  velocity  component  was  not  investigated  further. 

In  summary,  the  results  of  KRASH  analyses  in  Phase  I  provided  confidence  in 
the  landing  gear  design  and  the  systems  approach  to  crashworthiness.  Several 
patterns  of  crushing  behavior  which  had  not  been  expected  were  observed  and 
used  to  refine  the  KRASH  model  for  the  Phase  II  study.  The  nature  of  these 
changes  is  discussed  in  Section  4.  4. 

4.4  REFINEMENT  OF  KRASH  MODEL 

The  helicopter  was  sized  in  Phase  I  with  the  aid  of  simple  and  detailed  KRASH 
models.  The  refinements  incorporated  in  Phase  II  KRASH  models  were  based 
on  the  Phase  I  results.  The  primary  changes  were  in  the  modeling  of  the 
lower  fuselage  crush  zone,  but  minor  changes  were  also  made  to  the  landing 
gears  and  to  the  load  limiter  of  the  seat. 

The  fuselage  crushing  results,  shown  in  Figures  33  and  34,  indicate  a  nose-up 
pitching  phenomenon  during  a  0-degree-roll  and  0-degree-pitch  impact.  This 
resulted  in  disproportionate  crushing  of  the  aft  fuselage  in  comparison  to  the 
forward  fuselage.  Normally,  a  nearly  constant  crushing  along  the  fuselage 
length  is  expected  for  this  impact  condition.  Two  factors  were  the  cause  of 
this  behavior:  the  concentration,  or  lumping,  of  crushable  fuselage  material 
about  the  fuselage  eg  caused  an  unbalanced  moment  about  the  eg;  and  the 
landing  gear  load  factors  were  not  consistent  with  the  mass  distribution  in 
the  fuselage. 

The  dense  concentration  of  crushable  structure  forward  of  the  aircraft  eg 
resulted  in  a  nose-up  pitching  tendency.  The  crushable  underfloor  structure 
was  redistributed  to  reduce  the  pitching  problem.  The  reconfiguration  also 
proved  beneficial  in  reducing  the  high  accelerations  which  occur  during  extreme 
pitch  and  roll  impact  conditions.  Extreme  nose-up  or  nose-down  pitch,  or 
extreme  roll,  impacts  result  in  large  localized  crushing  of  the  structures  that 
impact  first.  Typically,  the  crushing  deformation  exceeds  the  available  crush¬ 
ing  distance,  resulting  in  higher  uncontrolled  acceleration  levels.  It  was  felt 
that  by  increasing  the  energy  absorbing  capability  along  the  fuselage  perime¬ 
ter,  as  viewed  from  the  plan  view  of  the  helicopter,  the  magnitudes  of  the 
accelerations  would  be  more  controllable.  The  "strengthening"  of  the  perimeter 
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was  achieved  by  designing  the  lower  fuselage  with  two  keel  beams  and  separating 
them  as  far  as  practicable.  The  overall  fuselage  load  level  was  maintained  at 
15g  but  was  increased  to  approximately  20g  locally  along  the  fuselage  perimeter. 

The  preliminary  weights  analysis  had  indicated  that  the  weight  distribution 
between  the  main  and  tail  landing  gears  was  75  percent  and  25  percent,  respec¬ 
tively.  The  distribution  calculated  by  program  KRASH  was  73  percent  and 
27  percent.  Since  the  main  landing  gear  had  been  sized  to  react  a  higher  inertia 
load  and  the  tail  gear  a  lower  inertia  load,  the  unbalanced  reaction  about  the 
aircraft  eg  resulted  in  the  nose-up  pitching  tendency.  The  problem  was  remedied 
by  sizing  the  landing  gears  to  agree  with  the  results  of  the  KRASH  analysis. 

During  the  Phase  I  study,  the  crew  seat  stroking  load  was  based  on  that  of  the 
AH-64  helicopter,  which  exhibited  a  13. 5g  load  level  during  tests.  To  bring 
the  Phase  II  seat  model  more  in  line  with  the  thrusts  of  present  industry  and 
Government  standards,  the  seat  load  limiter  was  increased  to  14. 5g  for  a  50th 
percentile  occupant.  This  change  generally  resulted  in  higher  DRIs  but  shorter 
seat  strokes. 

The  resulting  KRASH  model  for  Phase  II  is  shown  in  Figure  45,  and  an  isometric 
view  of  the  nonsymmetrical  model  in  Figure  46.  A  comparison  of  the  size  param¬ 
eters  of  Phases  I  and  II  KRASH  models  is  given  in  Table  13  and  the  system 
design  acceleration  is  shown  in  Figure  47.  The  Phase  II  KRASH  model  for  the 
occupant  is  the  same  as  that  shown  in  Figure  22. 

4.5  PHASE  II  KRASH  ANALYSIS 

The  Phase  II  analysis  of  crash  impact  behavior  was  conducted  with  the  refined 
KRASH  model  described  above.  The  design  envelope  of  roll  and  pitch  angles 
is  given  in  Figure  48.  The  analyses  for  crash  impact  of  the  retractable  landing 
gear  in  the  extended  position  and  of  the  fixed  landing  gear  were  conducted 
for  sink  speeds  of  42,  36,  30,  20,  and  15  fps.  Additional  analyses  for  impact 
with  the  gear  retracted  were  conducted  for  sink  speeds  of  35,  30  and  25  fps. 

For  each  sink  speed,  all  sixteen  combinations  of  roll  and  pitch  angles  were 
analyzed . 

The  range  of  strokes  of  the  main  landing  gear  oleo  for  a  42  fps  impact  are 
shown  in  Figure  49  and  the  tail  landing  gear  oleo  in  Figure  50.  As  the  roll 
angle  increases,  the  stroke  of  the  down-side  main  gear  increases,  with  maximum 
stroke  occurring  for  a  15-degree  roll  and  0-degree  pitch  impact.  In  contrast, 
the  tail  gear  strokes  are  almost  identical  for  0-,  5- and  10-degree  roll  impacts 
but  increase  from  -5-degree  pitch  to  +15 -degree  pitch  within  each  roll  envelope. 
Overall,  the  tail  gear  stroke  decreased  slightly  for  the  15-degree  roll  impact 
condition.  The  magnitudes  of  the  strokes  of  both  landing  gears  for  all  impact 
conditions  are  given  in  Table  14.  The  landing  gear  strokes  at  the  extremes 
of  the  design  envelope  for  all  sink  speeds  are  graphically  illustrated  in  Fig¬ 
ure  51.  The  importance  of  the  torque  tube  is  illustrated  by  the  large  percent¬ 
age  of  energy  absorbed  by  the  up-side  gear  and  is  shown  in  Figure  52.  The 
fuselage  without  the  benefit  of  the  torque  tube  must  be  designed  to  absorb 


Isometric  view  of  the  nonsymmetrical  'KRASH'  model  for  Phase  II  stud 
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accelerations  for  severe  vertical  impacts  for  Phase  11  stud 
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Figure  51.  Coupled  landing  gear  strokes  at  the  extremes  of  the  design  envelo; 
for  0  degree  pitch  in  Phase  II  study. 


50  percent  more  energy  than  the  fuselage  with  the  torque  tube  in  comparing 
the  energy  absorbed  by  the  landing  gear  for  a  0-  and  15- degree  roll  impact 
at  42  fps. 

The  fuselage  is  divided  into  three  regions  to  simplify  the  analysis  of  the  under¬ 
floor  deformations:  the  nose  region,  Sta  40.0  to  Sta  133.0;  mid  region,  Sta 
133.0  to  Sta  280.6;  and  tail  region,  Sta  280.6  to  Sta  339.0.  For  all  roll  impact 
attitudes  with  the  landing  gear  extended,  the  nose  region  exhibits  the  largest 
deformation  except  for  15  degrees  roll  impact  for  sink  speeds  greater  than  36  fps. 
The  maximum  deformations  for  each  fuselage  region  versus  sink  speed  and  roll 
angle  are  shown  in  Figures  53  through  56.  The  total  deformation  envelope  for 
all  roll  conditions  is  presented  in  Figure  57.  Details  of  all  fuselage  deformations 
with  the  landing  gear  extended  are  given  in  Figures  A-1  through  A- 12  and  in 
Tables  B-2  through  B-4. 

The  fuselage  deformations  with  the  landing  gear  retracted  indicate  that  the 
largest  deformations  occvir  in  the  nose  region  for  crash  impact  at  0  degree 
pitch  and  0,  5  and  10  degrees  roll  angle  for  all  sink  speeds.  However,  for 
15  degrees  roll  the  tail  region  suffers  the  largest  deformation.  These  are  graph¬ 
ically  exhibited  in  the  envelope  plots  shown  in  Figures  53  through  57.  Details 
of  all  fuselage  deformations  with  the  landing  gear  retracted  are  given  in  Fig¬ 
ures  A- 13  through  A- 24  and  in  Tables  B-5  through  B-7. 

In  comparing  fuselage  detormations  for  the  two  positions  of  the  landing  gear, 
maximum  deformation  for  all  sink  speeds  with  the  gear  retracted  is  greater 
than  the  maximum  predicted  deformation  at  42  fps  with  the  gear  extended. 

These  results  are  illustrated  in  Figttre  58. 

The  envelope  of  occupant  seat  strokes  is  shown  in  Figure  59.  The  maximum 
seat  stroke  for  a  crash  with  the  landing  gear  extended  is  about  54  percent 
of  the  available  seat  stroke.  In  contrast,  the  available  seat  stroke  distance 
is  exceeded  at  velocities  above  30  fps  with  the  landing  gear  retracted.  The 
figure  also  shows  that,  on  the  basis  of  the  seat  stroke,  the  25  fps  landing 
gear  retracted  impact  was  of  about  the  same  severity  as  the  42  fps  landing 
gear  extended  impact.  The  plots  of  the  seat  strokes  during  impact  for  both 
positions  of  the  landing  gear  are  given  in  Figures  C-1  through  C-8.  Data  for 
the  seat  strokes  and  the  DRIs  are  presented  in  Tables  15  and  16. 

4.6  DISCUSSION  OF  PHASE  II  KRASH  ANALYSIS  RESULTS 

In  comparing  Phase  II  KRASH  analysis  results  with  the  Phase  II  impact  conditions, 
all  requirements  were  met  except  for  the  following: 

•  Occasional  nose  strikes  occurred  at  impact  sink  speeds  of  20  fps 
with  the  landing  gear  extended 

•  Some  occupant  injuries  were  indicated  at  impact  sink  speeds  of  35  fps 
with  the  landing  gear  retracted 
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Figure  55.  Envelope  of  fuselage  deformations  for  10-degree  roll  impact 
condition  in  Phase  II  stuc^  of  coupled  landing  gear. 
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Figure  56.  Envelope  of  fuselage  deformations  for  15-degree  roll  impact 
condition  in  Phase  II  study  of  coupled  landing  gear. 
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Envelope  of  occupant  seat  strokes  for  coupled  landing  gear  extended 
and  retracted  in  Phase  II  studv. 


TABLE  15.  OCCUPANT  RESPONSE  AND  SEAT  STROKES  IN  PHASE  II  STUDY  WITH  COUPLED 
LANDING  GEAR  EXTENDED  (STROKES  IN  INCHES) 
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The  nose  strikes  occurred  primarily  for  impacts  at  higher  pitch  angles.  When 
the  aircraft  strikes  the  tail  landing  gear,  the  reaction  load  from  the  tail  gear 
imparts  a  pitching  acceleration  to  the  aircraft.  This  causes  the  aircraft  to 
roll  onto  and  over  the  main  landing  gear,  resulting  in  the  nose  strike.  As 
seen  in  Table  B-4,  most  of  the  strikes,  represented  by  the  deformations  of 
Springs  8  and  8',  are  insignificant.  However,  the  four  strikes  representing 
impact  at  +15  degrees  pitch  require  special  attention  when  designing  a  fuselage. 
The  pitching  phenomenon  is  a  characteristic  of  tailwheel-type  landing  gear 
configurations  because  of  the  large  moment  arm  between  the  tail  landing  gear 
and  the  aircraft  eg.  The  KRASH  analysis  has  identified  a  possible  impact 
phenomenon  that  can  now  be  used  to  aid  in  the  design  of  the  forward  section 
of  aircraft. 

The  occupant  injuries  that  occurred  at  sink  speeds  of  35  fps,  with  the  landing 
gear  retracted,  are  a  result  of  the  crew  seat  bottoming  out.  As  seen  in 
Table  16,  the  DRI's  in  some  cases  are  in  excess  of  30,  which  represents  a  pro¬ 
bability  of  over  50  percent  for  spinal  injury.  In  comparing  the  fuselage 
deformations  for  the  three  sink  speeds  with  the  landing  gear  retracted  and  for 
42  fps  with  the  landing  gear  extended,  as  shown  in  Figure  58,  the  impact  at 
35  fps  is  definitely  more  severe  on  the  fuselage  than  the  42  fps  impact. 

The  fuselage  capability  to  absorb  energy  was  designed  for  an  impact  between 
25  and  27  fps,  which  is  also  evident  in  Figure  58.  All  the  other  conditions, 
with  the  gear  extended  and  for  sink  speeds  of  25  and  30  fps  with  the  gear 
retracted,  yielded  occupant  DRI's  that  were  equal  to,  or  less  than,  21.  These 
DRI's  are  consistent  with  the  DRI's  predicted  for  a  trapezoidal  pulse  with  a 
14. 5g  peak  acceleration.  This  correlation  is  shown  in  Figure  60. 
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Rl  MODEL 


DRI  as  a  function  of  pulse  shape  and  duration  with  range  of  DRI  values  in 
Phase  II  study  of  coupled  landing  gear. 


SECTION  5 


'KRASH'  ANALYSIS  WITH  UNCOUPLED  LANDING  GEAR 


5.1  GENERAL 

The  results  of  the  KRASH  analysis  described  in  Section  4  concentrated  on  a 
configuration  of  the  crashworthy  landing  gear  with  two  trailing  arms  of  the 
main  landing  gear  coupled  with  a  torque  tube.  Additional  KRASH  analyses 
were  conducted  in  Phase  I  of  the  program  to  determine  the  effect  of  an  uncou¬ 
pled  landing  gear  on  the  strokes  of  the  main  landing  gears  and  the  crew  seats. 
The  differences  in  the  strokes  of  these  components  for  coupled  and  uncoupled 
landing  gears  are  shown  in  Figures  32  and  44. 

The  coupled  landing  gear  was  chosen  for  the  crashworthy  designs  because  of 
its  efficacy  in  absorbing  energy  in  high  roll  impacts  as  demonstrated  in  Phase  I 
studies.  If  the  roll  impact  conditions  were  relaxed,  the  landing  gear  could  be 
uncoupled  and  the  fuselage  designed  to  absorb  a  greater  portion  of  the  crash 
impact  energy.  It  is  evident  that  the  need  for  landing  gear  coupling  becomes 
less  and  less  necessary  as  the  roll  angle  during  impact  is  decreased.  The  KRASH 
analyses  of  the  uncoupled  landing  gear  were  conducted  with  the  gear  extended 
to  determine  the  trade-off  in  incremental  weight  in  the  landing  gear  and  in  the 
fuselage,  with  and  without  gear  coupling,  respectively,  for  identical  impact 
conditions . 

The  KRASH  analyses  of  uncoupled  landing  gear  were  conducted  for  a  sink 
speed  of  42  fps  at  0  degree  pitch  for  5,  10,  and  15  degrees  roll.  For  0  degree 
roll,  the  results  for  coupled  and  uncoupled  landing  gears  are  identical.  Only 
the  0  degree  pitch  impact  condition  was  investigated  because  this  impact  is 
considered  to  be  severest  for  a  fuselage  with  an  uncoupled  landing  gear. 

5.2  KRASH  MODEL  OF  UNCOUPLED  LANDING  GEAR 

The  KRASH  model  for  the  uncoupled  landing  gear  is  identical  to  the  Phase  II 
refined  model  described  in  Section  4.4  and  shown  in  Figures  45  and  46,  but 
with  the  following  exceptions: 

a.  The  torque  tube  was  uncoupled  by  reducing  its  torsional  moment 
of  inertia  to  zero 

b.  The  landing  gear  stroke  was  uninhibited 

c.  The  fuselage  was  allowed  infinite  stroke 


The  keel  beams,  the  primary  energy- absorbing  components  in  the  fuselage,  were 
modeled  for  infinite  stroke  in  order  to  simplify  the  modification  to  the  existing 
KRASH  model.  The  fuselage  deflections  for  the  uncoupled  landing  gear,  there¬ 
fore,  exceed  the  depth  of  9  inches  designed  for  the  underfloor  structure.  Since 
the  deflections  are  merely  used  to  calculate  the  weight  increments  of  the  fuselage, 
the  increase  in  the  required  underfloor  depth  is  insignificant  to  the  design. 

For  detail  design,  the  existing  keel  beam  can  be  replaced  by  several  other  keel 
beam  designs  ideptified  in  Reference  4  and  identified  by  their  parameters  in  Fig¬ 
ure  61.  The  existing  keel  beam  is  identified  as  No.  4  in  the  figure.  Several 
designs  of  higher  specific  energy  can  be  chosen  to  accommodate  the  required 
9-inch  depth  of  the  underfloor  structure. 

5.3  KRASH  ANALYSIS  RESULTS  OF  UNCOUPLED  LANDING  GEAR 

The  KRASH  analyses  of  the  uncoupled  landing  gear  in  the  extended  position 
were  conducted  for  a  sink  speed  of  42  fps  at  impact  attitudes  of  5,  10,  and 
15  degree  roll  and  0  degree  pitch  for  all  cases.  The  roll  angle  in  the  analyses 
was  to  the  left.  Therefore,  the  left  gear  was  the  down-side  gear  and  the  right 
gear  the  up-side  gear.  Consequently,  the  largest  deflections  in  the  landing 
gear,  fuselage  and  seat  occurred  on  the  left  side. 

Under  impact, the  main  landing  gear  strokes  increase  with  roU  angle.  The  strokes 
of  the  uncoupled  gear  are  2.3  to  3.0  inches  longer  than  those  of  the  coupled 
gear.  The  landing  gear  strokes  and  the  seat  strokes  are  given  in  Table  17.  The 
maximum  stroke  of  23.7  inches  occurs  for  15  degree  roll  impact,  whereas  the 
maximum  available  stroke  is  24  inches.  The  strokes  of  the  coupled  and  uncoupled 
main  landing  gears  are  compared  in  Figure  62.  The  strokes  of  both  the  down-side 
and  up-side  gears  are  shown. 

The  seat  strokes  for  the  uncoupled  landing  gear  also  increase  with  roll  angle. 

The  maximum  seat  stroke  is  11.9  inches,  where  14  inches  is  the  maximum  avail¬ 
able  stroke.  The  maximum  seat  stroke  is  6.4  inches  greater  than  that  for  the 
coupled  landing  gear.  The  strokes  of  the  down-side  seat  for  the  coupled  and 
uncoupled  landing  gears  are  compared  in  Figure  63.  Noting  that  the  KRASH 
anzilysis  models  a  50th  percentile  occupant,  the  maximum  available  seat  stroke 
may  be  exceeded  if  a  heavier  occupant  is  modeled  for  the  uncoupled  landing  gear. 

The  deflections  of  the  down-side  fuselage  springs  for  the  coupled  and  uncoupled 
landing  gears  are  given  in  Table  18.  The  maximum  deflections  of  the  springs  in 
the  nose,  mid  and  tail  regions  for  the  uncoupled  landing  gear  greatly  exceed 
those  for  the  coupled  landing  gear.  The  maximum  deflections  of  a  spring  from 
each  of  the  three  regions  are  compared  for  the  coupled  and  uncoupled  Icinding 
gears  in  Figure  64.  The  maximum  deformation  in  the  mid-fuselage  region  for 
the  uncoupled  landing  gear  is  50  percent  greater  than  for  the  coupled  landing 
gear.  This  signifies  a  requirement  of  50  percent  greater  energy-absorbing 
capacity  for  the  fuselage  with  uncoupled  landing  gear  in  high  roll  impact  condi¬ 
tions.  This  situation  of  increased  energy  absorption  required  in  the  fuselage 
with  uncoupled  landing  gears  was  predicted  by  Figure  52. 
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Figure  61.  Crashworthy  design  parameters  of  several  keel  beam  designs. 


TABLE  17.  COMPARISON  OF  LANDING  GEAR  AND  SEAT  STROKES 
FOR  COUPLED  AND  UNCOUPLED  RETRACTABLE 
LANDING  GEAR  DESIGNS 


Sink  speed  is  42  feet  per  second 
and  pitch  angle  is  0  degree 
for  all  cases 


Impact  Roll  Angle, 
degrees 

Landing  Gear  Strokes, 
inches 

Seat 

Strokes , 
inches 

Landing  Gear 

Main, 

Down-side 

Tail 

Down¬ 

side 

Up¬ 

side 

5 

Coupled 

19.3 

18.0 

8.9 

6.5 

5.6 

5 

Uncoupled 

21.6 

17.6 

8.9 

7.9 

6.4 

10 

Coupled 

20.2 

16.7 

8.8 

5.2 

6.0 

10 

Uncoupled 

23.1 

16.7 

8.7 

11.8 

7.9 

15 

Coupled 

20.7 

16.7 

8.5 

5.5 

5.8 

15 

Uncoupled 

23.7 

14.6 

8.3 

11.9 

6 . 6 

Spring  Deflections  in  Inches 
as  Identified  by  Location 
in  the  Fuselage 


are  identified  in  Figure  46. 


5.4  DISCUSSION 


The  strokes  and  deflections  of  the  three  elements  in  the  energy-absorbing  chain 
of  a  helicopter  increase  with  increasing  angle  of  roll  impact  of  a  fuselage  with 
uncoupled  landing  gear.  The  most  dramatic  increases  are  in  the  seat  stroke 
and  in  the  fuselage  deformation.  By  uncoupling  the  landing  gears,  their  require 
ments  for  absorbing  energy  is  effectively  increased.  The  energy  not  absorbed 
by  the  gears  must  be  absorbed  by  the  fuselage.  The  energy  absorption  require¬ 
ment  for  the  fuselage  is  increased  by  50  percent.  Additionally,  the  seat  stroke 
is  increased  by  nearly  100  percent  to  attenuate  the  acceleration  levels  to  survi- 
vable  limits. 


SECTION  6 


WEIGHT  SENSITIVITY  ANALYSIS 


6.1  APPROACH 

The  weight  sensitivity  analysis  consists  of  calculating  the  required  increment 
in  weights  of  each  of  the  three  elements  in  the  helicopter's  energy-absorbing 
system  for  every  crash-impact  condition  to  be  survivable.  The  three  elements 
are  the  main  and  tail  landing  gears,  the  fuselage  and  the  crew  seat.  There 
are  134  crash-impact  conditions: 

•  86  conditions  are  with  the  gear  extended  for  5  sink  speeds,  4  roll 
angles  and  4  pitch  angles 

•  48  conditions  are  with  the  gear  retracted  for  3  sink  speeds,  4  roll 
angles  and  4  pitch  angles 

Of  these  134  conditions,  128  conditions  were  investigated  with  the  coupled 
landing  gear.  An  additional  6  conditions  were  investigated  for  the  uncoupled 
landing  gear  with  0  degree  pitch  angle  and  5,  10  and  15  degree  roll  angles. 

The  required  weight  increments  we:  e  tabulated  into  weight  trend  tables  from 
which  weight  trend  curves  were  plotted. 

The  results  of  the  80  analyses  for  the  extended  crashworthy  retractable  landing 
gear  were  used  for  calculating  the  weight  increments  of  the  crashworthy  fixed 
landing  gear.  The  fixed  gear  is  41  pounds  lighter  than  the  retractable  gear, 
and  the  difference  of  0.4  percent  in  gross  weight  has  neglig.ble  effect  on  the 
crash-impact  behavior  of  the  helicopter.  The  crash-impact  behavior,  repre¬ 
sented  by  the  deformations  and  strokes  of  the  energy-absorbing  elements  of 
the  helicopter,  determine  the  weight  increments. 

The  weight  increments  are  calculated  by  first  sizing  the  components  based 
on  the  loads  and  deflections  from  KRASH  analyses  and  on  the  loads  from  static 
structural  analysis.  The  weights  of  the  components  are  then  calculated  and 
the  increment  determined  with  respect  to  the  standard  (noncrashworthy)  heli¬ 
copter.  To  make  the  weight  trend  curves  for  the  crashworthy  coupled  and 
uncoupled  landing  gears  comparable  with  one  another  and  with  respect  to  the 
standard  gear,  landing  gears  made  of  300M  alloy  steel  are  first  discussed. 

The  reduction  in  weight  that  can  be  gained  by  using  composite  materials  is 
discussed  separately  in  Section  3. 10  to  emphasize  the  advantages  gained  by  their 
application. 
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6.2  SIZING  AND  WEIGHTS  WITH  COUPLED  LANDING  GEAR 

The  landing  gear,  fuselage  and  crew  seat  were  sized  according  to  the  load  and 
deformation  necessary  to  absorb  the  desired  crash-impact  energy.  The  weights 
of  the  components  were  then  calculated  from  their  sizes.  The  maximum  possible 
increase  in  system  weight  for  crashworthiness  is  654  pounds,  the  component 
breakdown  of  which  is  shown  in  Table  2. 

6.2.1  Coupled  Lcuiding  Gear 

The  crashworthy  main  landing  gear  was  sized  for  the  shock  strut,  the  trailing 
arm  and  the  torque  tube.  The  shock  strut  was  sized  on  the  basis  of  the  impact 
velocity,  which  determines  the  strut  load.  With  negligible  influences  of  roll 
and  pitch  angles,  a  single  strut  geometry  was  designed  for  all  conditions  of  each 
impact  velocity. 

At  impact,  ground  reaction  loads  at  the  wheels  force  the  trailing  arm  to  deflect 
by  pivoting  about  the  torque  tube  center  line.  The  resistance  to  motion  is 
provided  by  a  practically  constant  shock  strut  load.  The  geometry  of,  and 
the  loads  on,  the  trailing  arm  are  shown  in  Figure  65.  The  critical  load  for 
each  impact  condition,  sixteen  attitudes  for  each  of  five  impact  velocities,  was 
determined  as  the  maximum  load  occurring  at  any  one  of  several  incremental 
positions  of  the  wheel  center  line  with  respect  to  the  pivot  axis.  The  trailing 
arm  is  sized  to  react  the  critical  load. 

The  torque  tube  loads  are  the  torsional  loads  determined  from  KRASH  analysis, 
and  bending  moments  and  shear  loads  determined  from  static  structural  analysis. 
The  torsional  loads  are  taken  from  KRASH  analysis  because  high  inertial  loading 
is  encountered  in  the  torsional  direction.  The  characteristic  load  distribution 
in  the  torque  tube  depends  on  the  roll  angle  attitude  with  the  pitch  angle  having 
a  negligible  effect  and  the  impact  velocity  determining  the  magnitude  of  the  load. 
Based  on  these  conditions,  the  torque  tube  was  sized  for  each  of  the  conditions. 
In  addition,  a  minimum  weight  torque  tube,  sized  for  normal  ground  handling 
conditions,  was  found  to  be  more  severe  than  even  the  42  fps,  0-degree  roll 
condition.  This  is  mainly  because  there  is  no  torsional  load  during  0  degree 
roll. 

The  trailing  arm  and  shock  strut  of  the  tail  gear  were  sized  from  loads  calculated 
with  static  structural  analysis.  The  method  of  sizing  is  similar  to  that  used  for 
the  main  landing  gear. 

The  breakdown  in  weights  of  the  components  of  crashworthy  and  standard 
landing  gears  is  given  in  Table  4.  The  weights  for  the  retractable  and  fixed 
crashworthy  gears  represent  the  condition  for  the  severest  impact.  The  crash- 
worthy  retractable  gear  is  262  pounds  heavier  than  the  standard  retractable 
gear  and  41  pounds  heavier  than  the  crashworthy  fixed  gear. 

6.2.2  Fuselage 

Initial  sizing  of  the  fuselage  allocated  9  inches  to  the  floor  substructure  as  the 
energy-absorbing  crush  zone  with  approximately  70  percent  of  that  stroke 
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effective.  This  was  the  estimated  stroke  reqmred  to  attenuate  the  remaining 
energy  of  a  42  fps  impact  after  fuselage  contact.  The  full  stroke  was  utilized 
at  the  impact  velocity  of  42  fps  for  -5  and  0  degree  pitch  angles  and 
for  all  roll  angles.  However,  the  full  stroke  was  not  utilized  over  the  entire 
fuselage  length.  This  indicated  that  a  weight  savings  could  be  achieved  by 
judiciously  selecting  keel  beam  geometry  according  to  the  desired  energy  to  be 
absorbed,  as  evidenced  by  the  deformation  undergone  by  the  fuselage. 

The  minimum  depth  of  the  underfloor  structure  required  for  basic  structural 
support  determines  the  minimum  weight  fuselage  configuration.  The  minimum 
depth,  using  the  same  underfloor  structure,  was  determined  to  be  3  inches. 

The  remaining  6  inches  of  underfloor  structure,  or  a  maximum  of  57  pounds,  was 
adjusted  according  to  the  energy  to  be  absorbed. 

To  optimize  the  design,  because  of  the  variation  in  the  stroke  along  the  fuselage 
length,  the  fuselage  was  divided  into  the  nose,  mid  and  tail  regions.  For  each 
region,  the  maximum  stroke  utilized,  according  to  KRASH  analysis,  would 
determine  the  required  depth  of  the  underfloor  structure  for  that  region.  The 
weights  of  the  three  regions  were  apportioned  as  25,  60,  and  15  percent  for  the 
nose,  mid  and  tail  regions,  respectively.  This  division  is  shown  in  Figure  66. 

In  addition  to  the  weight  increment  associated  with  the  underfloor  depth  of  the 
fuselage,  the  weight  of  the  increased  structure  supporting  the  floor  was  also 
included.  This  additional  weight  was  taken  to  be  constant  for  a  given  impact 
velocity  (regardless  of  the  stroke  required)  and  varied  in  proportion  to  the 
strut  loading. 

6.2.3  Crew  Seats 

The  crew  seats  were  designed  for  a  maximum  stroke  of  14  inches,  which  re.^ults 
in  an  increment  in  weight  of  44  pounds  for  two  seats.  The  seats  were  sized  by 
the  strokes  determined  from  KRASH  analyses  based  on  the  known  behavior  and 
geometry  of  the  AH- 64  crew  seat. 

6.3  SIZING  AND  WEIGHTS  WITH  UNCOUPLED  LANDING  GEAR 

The  landing  gear  with  the  torque  tube  was  uncoupled  by  replacing  the  torque 
tube  with  a  cross  tube.  The  cross  tube  was  designed  to  carry  bending 
moments,  and  axial  and  shear  loads.  The  trailing  arms  of  the  uncoupled  land¬ 
ing  gear,  the  fuselage  and  the  crew  seats  were  sized  similarly  to  those  for 
the  helicopter  with  the  coupled  landing  gear.  The  loads  and  deflections  were 
determined  from  KRASH  analyses  and  from  structural  analyses.  The  shock 
strut  is  unchanged  from  that  of  the  coupled  gear  whereas  the  cross  tube  is 
lighter  than  the  torque  tube,  as  is  the  trailing  arm.  The  fuselage  is  heavier 
than  that  for  the  coupled  landing  gear  because  50  percent  greater  energy¬ 
absorbing  capability  is  required.  The  crew  seat  with  the  longer  stroke  adds 
5.2  pounds  to  the  weight  of  the  crew  seat  with  coupled  landing  gear. 
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The  helicopter  with  the  uncoupled  landing  gear  is  53  pounds  lighter  than  the 
helicopter  with  the  coupled  landing  gear  for  the  most  severe  crash-impact 
condition  as  given  in  Table  1.  If  the  cross  tube  is  designed  with  graphite/ 
epoxy,  as  explained  in  Section  3.10.2,  the  cross  tube  is  19  pounds  lighter 
than  the  steel  cross  tube  for  the  most  severe  crash  impact.  The  difference  in 
weight  is  reflected  in  the  gross  weight  of  the  helicopter  as  shown  in  Table  19. 


TABLE  19.  COMPARISON  OF  MAXIMUM  GROSS  WEIGHTS  OF 
CRASHWORTHY  UNCOUPLED  LANDING  GEARS 


WITH  AND  WITHOUT  COMPOSITE  CROSS  TUBES 

Helicopter  Weight,  Pounds 

Uncoupled  LG  with 

Uncoupled  LG  with 

Item 

Steel  Cross  Tube 

Gr/Ep  Cross  Tube 

Crew  (2) 

500 

500 

Payload 

1,763 

1,763 

Fuel 

1,550 

1,550 

Tail  Rotor 

67 

67 

Body 

1,045 

1,045 

Landing  Gear 

414 

395 

Exhaust 

94 

94 

Nacelle 

139 

139 

Fuel  System 

284 

284 

Armor 

230 

230 

Furnishing 

308 

308 

Mission  Equipment 

919 

919 

Common  Weight 

2,634 

2,634 

Gross  Weight 

9,947 

9,928 

Note:  Both  landing  gear  designs  are  retractable. 
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6.4  WEIGHT  TREND  TABLES 

The  result  of  calculating  the  weights  of  each  element  of  the  energy-absorbing 
system  of  the  helicopter  has  been  tabvilated  for  each  condition.  The  incremental 
weights,  the  total  weight  increase  and  the  percent  increase  over  the  gross 
weight  of  the  baseline  standard  helicopter  are  given  in  Tables  20  through  28. 

The  breakdown  of  the  weights  of  the  components  of  the  standard  helicopter,  and 
those  of  its  landing  gear,  are  given  in  Tables  1  and  4.  The  weight  trends  for 
the  helicopter  with  coupled  landing  gear  in  the  extended  position  (retractable 
and  fixed  gears)  for  five  impact  velocities  are  given  in  Tables  20  through  24. 

The  weight  trends  for  three  impact  velocities  with  the  gear  retracted  are  given 
in  Tables  25  through  27.  Since  the  choice  of  landing  gear  for  a  given  impact 
velocity  is  unimportant  when  the  gear  is  retracted,  the  upper  and  lower  limits 
of  the  increase  in  weight  have  been  shown  using  the  lightest  and  heaviest  landing 
gear  for  the  given  impact  velocity.  The  weight  trends  for  the  helicopter  with 
uncoupled  landing  gear  in  the  extended  position  for  42  fps  impact  velocity  are 
given  in  Table  28.  The  case  for  the  xmcoupled  landing  gear  has  been  studied  for 
all  roll  conditions  for  only  0  degree  pitch  at  impact. 

The  incremental  weights  of  the  crew  seats,  fuselage  structure  and  landing  gear  are 
shown  in  Columns  3  to  12  of  Tables  20  to  28.  The  "constant  additional  weight"  of 
243.0  shown  in  Column  17  is  the  balance  of  the  weight  in  Table  2  if  the  weights  of 
the  landing  gear,  fuselage  structure  and  crew  seats  are  subtracted. 

The  additional  weight  required  to  meet  the  crashworthiness  requirements 
increases  with  sink  speed  and  roll  angle  for  all  cases.  Though  the  influence  of 
pitch  angle  is  clear  from  the  occupant-response  point  of  view,  its  influence  is 
obscure  from  the  weights  point  of  view.  With  the  gear  extended,  the  weight 
increases  with  increasing  pitch  angle  at  impact  velocities  of  42  and  36  fps. 

At  lower  impact  velocities  with  the  gear  extended  and  at  impact  velocities  inves¬ 
tigated  with  the  gear  retracted,  a  particular  trend  of  the  influence  of  pitch 
angle  cannot  be  specified. 

6.5  WEIGHT  TREND  CURVES 

The  data  from  the  weight  trend  tables  are  plotted  to  form  the  weight  trend 
curves.  The  weight  trend  curves  provide  a  graphic  illustration  of  the  trends 
in,  and  the  parametric  influences  on,  the  increases  in  weight  to  meet  crash- 
worthiness  requirements. 

6.5.1  Coupled  Retractable  Landing  Gear  in  Extended  Position 

The  percentage  increases  in  gross  weight  with  respect  to  roll  angle  for  the  five 
sink  speeds  of  the  coupled  retractable  landing  gear  in  the  extended  position 
are  plotted  in  Figures  67  through  71.  The  discontinuity  in  the  curves  at 
5  degree  roll  angle  is  due  to  the  incorporation  of  the  torque  tube.  As  discussed 
in  Section  3.3,  the  torque  tube  allows  5  degrees  of  uncoupled  rotation.  For 
roll-impact  angles  greater  than  5  degrees,  the  weight  of  the  torque  tube  increases 
dramatically  because  it  transmits  half  the  crash  loads  from  the  down-side  to  the 
up-side  landing  gear.  For  all  sink  speeds,  the  weight  increases  linearly.  The 
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TABLE  20.  WEIGHT  TREND  TABLE  FOR  CRASH  IMPACT  AT  42  FPS  WIT 


alloy  steel 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR,  FUSELAGE  AND 
CREW  SEATS  OVER  THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 


OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR 


PERCENTAGE  INCREASE  IN  TOTAL  WEIGHT  OVER 
THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR 
FUSELAGE  AND  CREW  SEATS  OVER  THE  GROSS 
WEIGHT  OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  TOTAL  WEIGHT  OVER 
THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING 
GEAR,  FUSELAGE  AND  CREW  SEATS  OVER  THE 


influence  of  pitch  angle  at  roll  angles  less  than  5  degrees  decreases  with 
decreasing  impact  velocity.  But  at  high  roll  angles,  5  to  15  degrees,  impact  at 
+15  degree  pitch  results  in  the  highest  percentage  increase  in  weight  for  all 
impact  velocities.  The  maximum  percentage  increases  in  weight  for  each  of  the 
five  impact  velocities  are  compared  in  Figure  72.  The  rate  of  weight  increase 
with  roll  angle  decreases  with  decreasing  impact  velocity.  As  a  further  compari¬ 
son,  the  influence  of  roll  angle  is  plotted  in  Figure  73.  Over  the  range  of  sink 
speeds  investigated,  the  weight  increases  linearly  and  at  an  increasing  rate  with 
increasing  roll  angle. 


6.5.2  Coupled  Fixed  Landing  Gear 

The  percentage  increase  in  gross  weight  with  respect  to  roll  angle  for  five 
sink  speeds  of  the  coupled  fixed  landing  gear  are  plotted  in  Figures  74  through 
78.  The  maximum  percentage  increase  in  weight  for  the  five  impact  velocities 
and  the  influence  of  roll  angle  are  plotted  in  Figures  79  and  80,  respectively. 

The  trends  in  the  increase  in  weight  are  similar  to  those  for  the  coupled  retract¬ 
able  landing  gear.  However,  the  gross  weight  of  the  helicopter  with  the  coupled 
fixed  landing  gear  is  lighter  than  that  of  the  helicopter  with  the  coupled  retract¬ 
able  landing  gear  by  0.2  to  0.4  percent  of  the  gross  weight  of  the  standard 
helicopter.  The  difference  in  weight  increases  with  decreasing  impact  velocity. 

6.5.3  Coupled  Landing  Gear  in  Retracted  Position 

The  percentage  increases  in  gross  weight  of  the  fuselage  with  respect  to  the 
roll  angle  for  three  sink  speeds  are  presented  in  Figures  81  through  83  for  the 
coupled  landing  gear  in  the  retracted  position.  The  upper  limit  includes  the 
weight  of  the  heaviest  coupled  retractable  landing  gear,  and  the  lower  limit 
the  lightest  coupled  retractable  landing  gear.  The  lower  limit  curves  are 
therefore  more  representative  of  the  increase  in  fuselage  weight  with  the 
uncoupled  retractable  landing  gear.  The  0  degree  pitch  impact  attitude  is 
the  severest  on  the  percentage  increase  in  weight.  A  comparison  of  the 
maximum  (0  degree  pitch)  increases  in  weight  for  the  three  impact  velocities 
is  shown  in  Figure  84.  The  maximum  available  stroke  of  the  fuselage  underfloor 
structure  is  utilized  for  crash  impacts  at  35  fps.  Moreover,  the  difference  in 
the  increase  in  weight  for  10  and  15  degree  roll  impact  is  negligible.  In  a 
design  with  an  uncoupled  landing  gear,  the  fuselage  will  not  "bottom  out"  at 
35  fps  because  of  the  additional  (or,  more  energy-absorbing)  material  in  the 
underfloor  structure. 

6.5.4  Uncoupled  Retractable  Landing  Gear 

The  data  for  the  percentage  increase  in  gross  weight  for  the  helicopter  with 
the  uncoupled  landing  gear  for  an  impact  velocity  of  42  fps  at  0  degree  pitch 
was  presented  in  Table  28.  The  data  are  for  a  steel  cross  tube.  On  the  basis 
of  this  data  at  42  fps  and  the  behavior  of  the  maximum  percentage  increases 
in  weight  of  the  coupled  retractable  landing  gear  of  Figure  72,  the  percentage 
increases  in  weight  with  the  uncoupled  landing  gear  were  estimated  for  impact 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR,  FUSELAGE  AND 
CREW  SEATS  OVER  THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 


with  coupled  crashworthy  retractable  landin 


for  five  sink  speeds. 


OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR,  FUSELAGE  AND 
CREW  SEATS  OVER  THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 
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ROLL  ANGLE, 


Percentage  increase  in  helicopter  weigh 
with  coupled  crashworthy  fixed  landing 


NCREASE  IN  WEIGHT  OF  LANDING  GEAR,  FUSELAGE  AND 
^/ER  THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  TOTAL  WEIGHT  OVER  THE  GROSS  WEIGHT 
OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  TOTAL  WEIGHT 
OVER  THE  GROSS  WEIGHT  OF  THE 
STANDARD  HELICOPTER 


OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR 
FUSELAGE  ANDCRJW  SEATS  OVER  THE  GROSS 
WEIGHT  OF  THE  STANDARD  HELICOPTER 


THE  GROSS  WEIGHT'OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR,  FUSELAGE  AND 
CREW  SEATS  OVER  THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR,  FUSELAGE  AND 
CREW  SEATS  OVER  THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 
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velocities  of  36,  30,  20  and  15  fps.  A  comparison  of  influences  of  each  of 
the  five  impact  velocities  for  the  case  of  the  uncoupled  retractable  landing 
gear  is  presented  in  Figure  85  and  of  the  uncoupled  fixed  landing  gear  in 
Figure  86.  The  weight  increases  with  increasing  impact  velocity  and  increasing 
roll  angle.  Though  the  rate  of  increase  in  weight  between  0-  and  5-degree 
roll  impact  angle  is  almost  constant  for  all  impact  velocities,  it  decreases  with 
decreasing  impact  velocity  for  impacts  between  5  and  15  degrees  roll  angles. 

With  a  graphite /epoxy  cross  tube,  the  landing  gear  is  lighter  and  the  percentage 
increase  in  weight  of  the  uncoupled  landing  gears  is  lower.  As  seen  in  Tables  11 
and  19,  the  composite  cross  tube  results  in  a  19  poiind  lighter  helicopter  for  a 
42  fps  crash  impact  at  15  degree  roll  and  0  degree  pitch.  The  comparative 
weight  trend  curves  for  the  two  designs  of  the  cross  tubes  for  retractable  and 
fixed  uncoupled  landing  gears  are  shown  in  Figure  87.  The  weight  advcintage 
decreases  with  decreasing  roll  angle. 

6.6  DISCUSSION 

The  data  presented  for  the  weight  sensitivity  analysis  completely  covers  the 
cases  of  uncoupled  and  coupled,  and  retractable  and  fixed  landing  gears  in  the 
extended  and  retracted  positions.  The  weight  trend  curves  of  Figure  88  is  a 
composite  of  the  retractable  coupled  and  uncoupled  gear  configurations  for 
three  sink  speeds.  The  figure  is  a  typical  graphical  illustration  of  the 
influences  of  the  impact  parameters  on  the  weight  increases  for  the  different 
designs.  The  highlights  of  the  influences  are  that  the  increment  in  helicopter 
weight: 

•  Increases  with  increasing  impact  velocity 

•  Increases  with  increasing  roll  angle 

•  Is  greatest  for  +15  degrees  pitch  impact  angle  for  all  velocities  for 
coupled  landing  gear  design 

•  Is  greatest  for  0  degree  pitch  impact  angle  for  all  velocities  for 
uncoupled  landing  gear  design 

•  Decreases  with  increasing  roll  angle  for  crash  impact  with  the 
landing  gear  retracted 

•  Increases  at  an  increasing  rate  with  increasing  impact  velocity  for  all 
landing  gear  designs 

The  helicopter  design  with  the  uncoupled  landing  gear  is  53  pounds  or  0.60  per¬ 
cent  lighter  than  the  design  with  the  coupled  landing  gear,  and  the  composite 
cross  tube  results  in  a  helicopter  which  is  an  additional  19  pounds  lighter  for 
the  most  severe  crash  impact  condition. 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR,  FUSELAGE  AND 
CREW  SEATS  OVER  THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 


ROLL  ANGLE,  DEG 


Figure  85.  Comparison  of  the  percentage  increases  in  helicopter 
weights  with  uncoupled  retractable  landing  gear  in 
the  extended  position  with  impact  at  0  degree  pitch. 
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OF  THE  STANDARD  HELICOPTER 


PERCENTAGE  INCREASE  IN  WEIGHT  OF  LANDING  GEAR,  FUSELAGE  AND 
CREW  SEATS  OVER  THE  GROSS  WEIGHT  OF  THE  STANDARD  HELICOPTER 


Figure  86.  Comparison  of  the  percentage  increases  in  helicopter 
weights  with  uncoupled  fixed  landing  gear  with  300M 
allov  steel  cross  tube  for  an  imoact  at  0  degree  pitch 


PERCENTAGE  INCREASE  IN  TOTAL  WEIGHT  OVER  THE  GROSS  WEIGHT 
OF  THE  STANDARD  HELICOPTER 


OF  THE  STANDARD  HELICOPTER 
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SECTION  7 


SUMMARY  OF  RESULTS 


7.1  THE  DESIGNS 

The  program  consisted  of  the  preliminary  designs  of  five  landing  gears  and 
the  calculation  of  their  weights  by  evaluating  their  crashworthiness  using 
program  KRASH.  The  five  landing  gears  studied  were 

•  Standard  (noncrashworthy)  landing  gear 

•  Retractable  and  fixed  crashworthy  landing  gears  with  coupled 
trailing  arms 

•  Retractable  and  fixed  crashworthy  landing  gears  with  uncoupled 
trailing  arms 

The  designs  apply  the  systems  approach  to  crashworthiness  where  the  total 
energy  is  absorbed  by  the  landing  gear,  fuselage  and  crew  seat.  Thus, 
in  addition  to  the  landing  gears,  two  baseline  helicopters  were  also  designed: 
(1)  a  noncrashworthy  fuselage  for  the  standard  landing  gear  and  (2)  a  crash- 
worthy  fuselage  for  the  four  crashworthy  landing  gears. 

The  designs  were  completed  following  a  preliminary  KRASH  investigation 
and  an  iterative  process  of  trade-off  studies  between  weight,  drag,  ground 
resonance,  material  and  cost.  The  coupled  crashworthy  landing  gears,  which 
provided  good  resistance  to  creish  in  high  roll  impact  attitudes,  were  designed 
using  conventional  300M  alloy  steel  material.  For  the  uncoupled  crashworthy 
landing  gears,  which  are  lighter  than  the  coupled  gears,  conventional  materials 
were  used  for  all  components  except  the  graphite /epoxy  cross  tube.  The 
crashworthy  fuselage  was  designed  using  composite  materials. 

7.2  CRASHWORTHINESS  REQUIREMENTS  AND  COMPONENT  SIZING 

Crashworthiness  of  the  designs  was  evaluated  for  symmetrical  (0  degree  roll) 
and  nonsymmetrical  crash  impact.  Preliminary  requirements  were  first  investi¬ 
gated  with  KRASH  for  sink  speeds  ranging  between  20  and  42  fps ,  roll  angles 
between  0  and  20  degrees,  and  pitch  angles  between  -10  and  +20  degrees. 
Following  detail  designs  of  the  landing  gears,  extensive  KRASH  analyses 
were  completed  with  the  landing  gears  extended  for  five  sink  speeds  of  42, 

36,  30,  25  and  15  fps,  and  with  the  gears  retracted  for  three  sink  speeds 
of  35,  30,  and  25  fps.  For  each  sink  speed,  sixteen  attitude  conditions  of 
four  roll  angles  (0,  5,  10  and  15  degrees)  and  four  pitch  angles  (-5,  0,  +7.5, 
and  +15  degrees)  were  investigated. 


The  results  from  KRASH  analyses  and  static  structural  analyses  were  then 
used  to  size  the  landing  geai-,  fuselage  and  crew  seat  according  to  the  loads 
and  deformations  necessary  to  absorb  the  energy  for  the  given  crash-impact 
condition.  The  weights  of  the  crashworthy  components,  and  consequently 
the  increments  in  weights  above  the  standard  design,  were  calculated  from 
their  sizes.  This  was  done  for  each  of  163  cases. 

7.3  RESULTS  OF  KRASH  ANALYSES 

The  results  of  KRASH  analyses  are  summarized  below  and  presented  as  Phase  I 
and  II  activities. 

7.3.1  Phase  I  Results 

The  26  crash  impact  conditions  investigated  in  this  phase  of  the  program 
were  survivable.  The  results  from  this  phase  are  summarized  below. 

•  The  maximum  strokes /deformations ,  together  with  the  respective 
impact  condition,  for  each  crashworthy  component  are  given  in 
Table  29.  The  impact  condition  for  maximum  stroke  for  each  com¬ 
ponent  is  different,  and  the  maximum  deformation  of  the  fuselage 
depends  on  a  combination  of  impact  parameters. 

•  By  coupling  the  trailing  arms  of  the  main  landing  gear  with  a 
torque  tube,  more  energy  is  absorbed  by  the  landing  gear  with 
reduced  maximum  stroke  than  when  the  trailing  arms  are  uncou¬ 
pled.  Consequently,  the  fuselage  is  required  to  absorb  less  energy 
and  the  seat  stroke  is  less.  For  example,  for  a  42-fps,  20-degree 
roll  impact  condition,  coupling  the  trailing  arm  reduces  the  maxi¬ 
mum  stroke  of  the  main  landing  by  40  percent  for  +15  degree  pitch 
(Figure  32)  ,  and  the  occupant  seat  stroke  by  74  percent  for  0  degree 
pitch  (Figure  44). 

•  By  designing  fairings,  into  which  the  main  landing  gear  retracts, 
to  absorb  energy  under  crash  impact  with  the  gears  retracted, 
the  deformations  in  the  forward  and  mid  regions  of  the  fuselage 
are  reduced  (Figure  34)  ,  the  seat  stroke  is  increased  slightly 
(Figure  37)  ,  and  the  occupant  response  (DRI)  is  unchanged  (Fig¬ 
ure  38) . 

•  The  addition  of  a  longitudinal  velocity  component  of  25  fps  for 
symmetrical  impact  at  42  fps  and  -5  degree  pitch  angle  on  a  rigid 
surface  has  no  effect  on  occupant  response  in  the  vertical  direction. 

7.3.2  Phase  II  Results 

The  80  crash  impact  conditions  investigated  with  the  coupled  landing  gear 
extended  resulted  in  (1)  no  injury  to  the  crew,  (2)  minor  fuselage  contact 
at  20  fps  due  to  "tip-over"  effect,  and  (3)  minimal  effect  on  the  dynamic 
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TABLE  29.  MAXIMUM  STROKES /DEFORMATIONS  OF  COMPONENTS  FOR 
PHASE  I  CRASHWORTHINESS  REQUIREMENTS 


Crashworthy 

Component 

Sink 
Speed , 
FPS 

Roll 
Angle , 
degrees 

Pitch 

Angle, 

degrees 

Stroke/ 
Deformation , 
inches 

Main  Landing  Gear 

42 

10 

-5 

20.0 

Tail  Landing  Gear 

42 

5 

+15 

12.  5 

Fuselage 

Impact  Condition 

Symmetrical 

42 

0 

-10 

9.0 

Nonsymmetrical 

36 

20 

9.0 

42 

10 

9.0 

Seat 

42 

_ 

0 

-5 

14.0 

components.  The  48  crash  impact  investigations  with  the  landing  gear  retracted 
could  possibly  result  in  crew  injuries  at  35  fps.  The  five  crash  impact  investi¬ 
gations  with  uncoupled  landing  gear  extended  resulted  in  no  injiiry  to  the 
crew. 

The  maximum  strokes  /deformations  and  the  respective  crash  impact  conditions 
for  coupled  and  uncoupled  landing  gears  are  given  in  Table  30.  The  condition 
for  maximum  stroke  for  each  component  of  the  coupled  landing  gear  configura¬ 
tion  is  different,  implying  that  maximum  crashworthiness  features  of  all  compo¬ 
nents  are  not  required  simultaneously.  The  maximum  strokes  for  all  components 
of  the  uncoupled  landing  gear  configuration,  however,  occur  for  the  same  impact 
conditi  n.  The  trends  in  deformation,  and  therefore  the  energy  absorption  capa¬ 
bilities  of  each  component,  are  discussed  below. 

In  the  case  of  the  helicopter  with  coupled  trailing  arms,  the  strokes  of  the  main 
and  tail  landing  gears,  the  fuselage  and  seat  stroke  increase  with  increasing 
sink  speed.  However,  with  increasing  roll  angle,  the  main  gear  stroke  increases 
though  the  tail  gear  and  the  seat  strokes  decrease.  The  influence  of  a  change 
in  pitch  angle  on  the  strokes  of  these  elements  is  negligible  for  any  given 
roll  angle.  Of  the  nose,  mid  and  tail  regions  of  the  helicopter  fuselage  the 
nose  region  exhibits  the  greatest  deformation  in  percentage  of  available  strokes 
for  all  roll  angles  at  sink  speeds  below  42  fps,  and  the  tail  region  the  highest 
deformation  for  42  fps  and  10  and  15  degrees  of  roll  angle.  The  seat  stroke 
at  25  fps  with  the  gear  retracted  is  the  same  as  that  at  42  fps  with  the  gear 
extended. 
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In  the  case  of  the  helicopter  with  uncoupled  trailing  arms,  the  influence  of 
the  sink  speed,  roll  angle  and  pitch  angle  exhibit  the  same  trends  as  for  the 
coupled  arm  configuration  though  the  strokes  are  longer  for  the  same  impact 
condition.  The  maximum  main  landing  gear  stroke  is  14.5  percent  longer, 
fuselage  stroke  50  percent  cind  the  seat  stroke  32  percent.  The  most  severe 
impact  condition  for  the  coupled  arm  configuration  is  42  fps,  15  degrees  roll  and 
+  15  degrees  pitch  whereas  for  the  uncoupled  arm  configuration  it  is  42  fps, 

15  degrees  roll  and  0  degree  pitch. 

7.4  WEIGHTS  OF  LANDING  GEARS  AND  HELICOPTERS 

The  weights  of  the  landing  gears  and  the  helicopters  were  calculated  from 

the  deformations  required  of  each  component  to  absorb  the  crash  kinetic  energy. 

The  weights  are  summarized  below. 

•  Helicopters  with  retractable  uncoupled  landing  gears  (with  graphite/ 
epoxy  cross  tubes)  were  the  lightest  in  design  and  are  lighter  than 
those  with  coupled  landing  gears  by  0.77  percent  for  the  most  severe 
impact  condition. 

•  Helicopters  with  fixed  landing  gears  are  0.  6  percent  lighter 

than  those  with  retractable  landing  gears  for  the  most  severe  impact 
conditions . 

•  The  weights  of  the  crashworthy  helicopters  increase  with  sink 
speed,  increase  with  roll  angle,  and  generally  increase  with  pitch 
angle  for  coupled  landing  gears. 

The  maximum  weights  of  the  six  landing  gear  designs  and  the  corresponding 
maximum  weights  of  the  helicopter  for  the  five  sink  speeds  are  summarized 
in  Tables  31  and  32,  respectively.  The  maximum  percentage  increases  in  gross 
weights  of  the  heUcpters  for  the  five  sink  speeds  are  given  in  Table  33. 

The  landing  gear  and  helicopter  weights  for  the  most  severe  impact  condition 
analyzed  are  shown  in  Table  34. 

7.5  WEIGHT  TREND  CURVES 

Helicopter  weight  increases  with  increasing  roll  angle  for  a  given  sink  speed. 

The  rate  of  weight  increase  is  higher  for  higher  sink  speeds  and  higher  roll 
angles.  Whereas  for  the  coupled  landing  gear  configuration  the  highest  increase 
in  weight  is  generally  for  +15  degree  pitch  angle,  for  the  uncoupled  landing 
gear  configuration  0  degree  pitch  results  in  the  most  severe  impact  condition. 

The  weight  trend  curves  shown  in  Figures  72  and  79  for  the  coupled  landing 
gear  configuration  are  linear  over  the  range  of  roll  angles  for  a  given  sink 
speed  but  with  a  discontinuity  at  5  degrees  roll  angle.  The  uncoupled  landing  gear 
configuration  results  in  continuous  and  generally  nonlinear  weight  trend  curves 
for  the  same  parameters  (Figures  85  and  86).  The  nonlinear  plots  have  been 
sl»wn  as  linear  segments  of  5  degrees  roll  angles  becavise  intermediate  roll 
angles  have  not  been  investigated. 


TABLE  31.  SUMMARY  OF  MAXIMUM  LANDING  GEAR  WEIGHTS  FOR  FIVE  SINK  SPEEDS 
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TABLE  33.  SUMMARY  OF  MAXIMUM  PERCENTAGE  INCREASES  IN  THE  GROSS  WEIGHTS 
OF  THE  CRASHWORTHY  HELICOPTER  FOR  FIVE  SINK  SPEEDS 
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TABLE  34.  SUMMARY  OF  CRASHWORTHY  LANDING  GEAR  AND  HELICOPTER  WEIGHTS 
FOR  MOST  SEVERE  IMPACT  CONDITION 


SECTION  8 


RECOMMENDED  DESIGN  CRITERIA 


8.1  GENERAL 

The  designs  of  the  crashworthy  landing  gears  satisfied  the  requirements  of  the 
crash  impact  envelope  and  were  found  to  be  occupant  survivable  for  all  cases. 
Four  designs  were  investigated  with  program  KRASH:  (1)  crashworthy  retract¬ 
able  landing  gear  with  a  torque  tube  to  couple  the  two  main  trailing  arms, 

(2)  crashworthy  fixed  landing  gear  with  a  torque  tube,  (3)  crashworthy  retract¬ 
able  landing  gear  without  torque  tube  coupling,  and  (4)  crashworthy  fixed 
landing  gear  without  torque  tube  coupling.  In  all  cases,  detailed  breakdown 
of  the  weights  of  all  components  were  calculated  for  combinations  of  five  sink 
speeds,  four  roll  angles  and  four  pitch  angles.  The  design  criteria  are  devel¬ 
oped  from  further  analyses  based  on  the  frequency  of  occurrence  of  survivable 
helicopter  accidents  and  on  the  cost  of  replacing  equipment  and  crew  in  the 
case  of  a  crash  impact. 

To  be  uniform  in  the  development  of  the  design  criteria,  the  designs  compared 
are  for  landing  gears  constructed  of  steel.  The  reduction  in  weight  from  the 
use  of  composite  materials  is  an  added  advantage  to  be  gained.  This  weight 
advantage  is  in  addition  to  those  gained  from  designing  to  the  recommended 
criteria. 

8.2  CUMULATIVE  FREQUENCY  OF  ACCIDENT  OCCURRENCE 

The  cumulative  frequency  of  occurrence  of  survivable  accidents  is  the  product 
of  the  cumulative  frequencies  of  survivable  crash  impact  for  sink  speed,  roll 
angle  and  pitch  angle.  As  shown  in  Section  7,  the  influence  of  pitch  angle 
on  the  increase  in  gross  weight  of  a  helicopter  is  negligible  for  a  given  sink 
speed  and  roll  angle  at  impact.  The  cumulative  frequency  of  occurrence  of 
survivable  accidents  will,  therefore,  be  based  on  the  cumulative  frequencies 
of  occurrences  of  sink  speed  and  roll  angle. 

The  cumulative  frequency  of  vertical  velocity  at  impact  is  shown  in  Figure  89. 
Based  on  the  frequency  of  occurrence  of  roll  angle  at  impact  (Figure  90)  , 
the  cumulative  frequency  of  the  occurrence  of  roll  angle  at  impact  is  plotted 
in  Figure  91.  The  cumulative  frequency  curwe  for  ±6  represents  the  case 
when  distinction  is  not  made  between  occurrences  of  negative  and  positive 
roll  angles,  which  is  how  program  KRASH  is  operated. 
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CUMULATIVE  FREQUENCY  OF  OCCURRENCE,  PERCENT 


Figure  89.  Cumulative  frequency  of  occurrence  of  vertical  velocity 


for  survivable  rotary-  and  light  fixed-wing  aircraft 


accidents  (from  Reference  6). 


CUMULATIVE  FREQUENCY  OF  ACCIDENT  OCCURRENCE,  PERCENT 

Figure  91.  Cumulative  frequency  of  occurrence  of  roll  angle  for 
survivable  helicopter  accidents,  1972-1982. 
(Developed  from  Figure  90) 


The  product  of  the  cumulative  frequencies  of  a  given  sink  speed  and  a  given 
(±)  roll  angle  represents  the  cumulative  frequency  of  occurrence  of  survivable 
helicopter  accidents  ,  which  will  henceforth  be  known  as  "cumulative  frequency 
of  accident  occurrence."  For  example,  the  cumulative  frequency  of  42  fps 
sink  speed  from  Figure  89  is  95  percent  and  the  cumulative  frequency  of 
±10  degree  roll  angle  is  85  percent.  The  cumulative  frequency  of  accident 
occurrence  for  42  fps  and  ±10  degree  roll  angle  is  95  percent  x  85  percent  = 
80.  75  percent. 


Therefore,  80.75  percent  of  the  accidents  occur  for  conditions  at  or  less  than 
42  fps  sinks  speed  and  ±10  degree  roll  angle.  The  cumulative  frequency 
of  accident  occurrence  is  plotted  in  Figure  92  for  sink  speeds  ranging  between 
24  and  50  fps  and  roll  angles  between  0  and  ±25  degrees. 


0  j5  *10  t15  *20  t25  *30 


ROLL  ANGLE,  DEGREES 


Figure  92.  Cumulative  frequency  of  occurrence  of  sink  speed  and  roll 
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8.  3  WEIGHT  EFFECTIVE  DESIGN  CRITERIA 


For  a  design  to  be  efficient,  one  of  the  parameters  to  be  evaluated  is  weight 
effectiveness.  Weight  effectiveness  implies  the  minimum  increase  in  weight 
for  maximum  crashworthiness.  The  weight  is  influenced  by  sink  speed  and 
roll  angle  at  impact.  If  percentage  increzise  in  weight  is  plotted  against  sink 
speed  and  roll  angle,  the  loci  of  different  percentages  of  cumulative  frequency 
of  accident  occurrence  can  be  plotted.  The  50  and  75  percent  cumulative  fre¬ 
quency  curves  for  the  percentage  increase  in  gross  weight  of  the  helicopter 
with  the  uncoupled  landing  gear  are  shown  in  Figure  93.  The  three-dimensional 
plot  is  not  practical  for  use  as  a  design  aid  and  has  been  reconfigured  with 
the  same  parameters  in  Figures  94  and  95  for  the  coupled  and  uncoupled  landing 
gears,  respectively,  with  steel  torque  tube  and  cross  tube. 

The  percentage  increase  in  gross  weight  for  the  helicopter  with  the  retractable 
coupled  landing  gear,  shown  in  Figure  94,  identifies  the  discontinuity  in  the 
loci  of  the  two  lower  cumulative  frequency  curves.  The  discontinuities  for 
75  and  80  percent  cumulative  frequency  curves  occur  beyond  42  fps  and  are 
not  shown.  The  minimum  weights  for  50  and  60  percent  cumulative  frequency 
curves  occur  at  11  degrees  and  just  under  10  degrees  of  roll  angles  for  sink 
speeds  of  25  and  28  fps,  respectively.  Minimiim  weights  for  the  higher  cumula¬ 
tive  frequency  curves  do  not  exist. 

The  percentage  increases  in  gross  weights  for  the  helicopter  with  retractable 
uncoupled  landing  gear  for  four  cumulative  frequency  of  accident  occurrences 
are  shown  in  Figiare  95.  As  for  the  coupled  landing  gear  configuration,  minimum 
weights  exist  for  the  50  and  60  percent  cxamulative  frequency  curves  but  none 
for  the  75  and  80  percent  curves.  The  minimum  weights  for  50  and  60  percent 
cumulative  curves  occur  at  7  and  6.5  degrees  for  sink  speeds  of  27  and  30.5  fps, 
respectively. 

The  weight  effective  design  with  the  coupled  landing  gear,  therefore,  has 
a  roll  angle  capability  4  degrees  greater  than  the  weight  effective  design  with 
the  uncoupled  landing  gear  with  a  marginal  reduction  in  sink  speed.  The 
parameters  of  Figure  92  are  replotted  in  Figure  96  with  a  different  set  of  axes 
so  that  the  lod  of  cumulative  frequency  of  accident  occurrences  are  shown 
together  with  the  percentage  increases  in  gross  weight.  Also  plotted  in  Fig¬ 
ure  96  are  representative  bounds  and  minimum  thresholds  of  the  percentage 
increase  in  gross  weight,  from  Figures  94  and  95,  for  the  coupled  and  uncoupled 
configurations.  The  bounds  plotted  are  the  loci  of  the  combination  of  sink  speed 
and  roll  angle  resulting  in  4.6  and  5.4  percent  increases  in  gross  weight  for  the 
uncoupled  configuration,  and  5.2  and  6.0  percent  for  the  coupled  configuration. 
The  5.4  percent  locus  for  the  uncoupled  configuration  is  identical  to  the 
6.0  percent  locus  for  the  coupled  configuration.  Similarly,  the  uncoupled 
4.6  percent  locus  is  the  same  as  the  coupled  5.2  percent  locus.  These  bounds 
indicate  that  the  coupled  configuration  is  0.6  percent  heavier  than  the 
uncoupled  configuration.  Whereas  the  bounds  provide  the  interrelationship 
between  the  weight  increases  for  the  two  landing  gear  configurations  and  the 
cumulative  frequency  of  accident  occurrence,  the  thresholds  identify  the 


75  percent  cumulative  frequency  of  occurrence 


of  sink  speed  and  roll  angle  for  survivable 


helicopter  accidents. 


maximum  cumulative  frequency  for  a  weight  effective  design  of  each  gear 
configuration.  The  coupled  threshold  is  the  tangent  to  the  71-percent  cumu¬ 
lative  frequency  curve  at  a  sink  speed  of  36  fps.  The  uncoupled  threshold 
is  the  tangent  at  42  fps  to  the  67.4  percent  cumulative  frequency  curve.  The 
parameters  of  the  point  of  tangency  are  the  criteria  for  a  weight  effective 
design.  The  optimization  of  the  parameters  for  a  given  cumulative  frequency 
of  accident  occurrence  involves  a  trade-off  between  roll  angle  and  sink  speed, 
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and  percentage  increase  in  gross  weight.  Further  implications  of  the  data 
presented  in  Figure  96  are  given  below: 

•  The  two  designs  are  equally  weight  efficient  for  crash  impact  at 
42  fps  and  5.  0  degree  roll  angle. 

•  The  cumulative  frequency  of  accident  occurrence  for  both  designs 
is  67.  4  percent  with  a  weight  increment  of  5.4  percent  over  the 
baseline  at  42  fps  and  ±5.0  degree  roll  angle. 

•  The  weight  effective  design  of  the  uncoupled  landing  gear  config¬ 
uration  is  at  42  fps  and  ±5.0  degree  roll  angle  with  a  maximum 
cumulative  frequency  of  accident  occurrence  of  67  percent  and 

a  weight  increment  of  5.4  percent. 

•  The  weight  effective  design  of  the  coupled  landing  gear  config¬ 
uration  is  at  36  fps  and  ±7.5  degree  roll  angle  with  a  maximum 
cumulative  frequency  of  accident  occurrence  of  71  percent  and 
a  weight  increment  of  5.8  percent. 

To  compare  the  equivalence  of  the  two  design  criteria,  comparative  sink  speeds 
with  the  corresponding  roll  angles ,  cximulative  frequency  of  accident  occur¬ 
rences  and  the  weight  increments  cire  presented  in  Table  35.  The  design  cri¬ 
teria  are  for  minimum  percentage  increases  in  gross  weights.  The  helicopter 
with  the  coupled  landing  gear,  therefore,  encompasses  4  percent  more  accidents 
for  0.  4  percent  higher  gross  weight  than  the  helicopter  with  the  uncoupled 
landing  gear. 

8.4  COST  TREND  TABLES 

The  cost  trend  tables  identify  the  cost  of  the  incremental  weight  required 
to  make  the  standard  helicopter  crashworthy  and  the  probable  cost  of  replacing 
the  crew  in  the  event  of  a  fatal  accident  for  the  given  sink  speed.  The  cost 
trend  tables  are  constructed  from  the  incremental  weight  data  in  the  weight 
trend  tables  (Tables  20  through  28).  The  incremental  weight  is  that  required 
to  provide  a  survivable  environment  under  crash  conditions. 

The  basis  for  the  cost  trend  tables  is  the  procurement  cost  of  the  incremental 
weights.  Typically,  the  procurement  cost  in  1984  for  the  fuselage  is  $182.00 
per  pound  and  that  of  the  landing  gear  with  the  crew  seats  is  $238.00  per 
pound.  The  total  cost  of  the  additional  weights  of  the  fuselage,  crew  seats 
and  landing  gear  is  shown  in  Column  5  of  Tables  36  and  37. 

The  cost  of  replacing  the  crew  is  based  on  the  cost  of  training  an  aviator  (Ref¬ 
erence  9).  The  cost  of  initial  entry  is  estimated  at  $125,000  in  1981  dollars. 

V/ith  5.  8  percent  inflation,  the  cost  of  initial  entry  in  1984  will  be  $148,000. 
Adding  35  percent  for  the  "costs  associated  with  3  to  4  years  of  on-the-job 
training  required  to  refine  and  maintain  proficiency  in  skills,"  the  training 
cost  per  aviator  is  conservatively  estimated  at  $200,000.  The  "probable  cost  of 


TABLE  35.  DESIGN  CRITERIA  BASED  ON  WEIGHT  EFFECTIVENESS 


— 

Design 

Criteria 

Cumulative  Frequency 
of  Accident 
Occurrence, 

% 

Increcise 
in  Gross 
Weight , 

Q. 

0 

Landing 

Gear 

Sink 
Speed , 
fps 

Roll 

Angle, 

degrees 

Coupled 

36 

±7.5 

71.  0 

5.  8* 

Uncoupled 

36 

±5.5 

65.0 

5.0 

Coupled 

42 

±1.0 

39.  0 

5.1** 

Coupled 

42 

<  ±5. 0*** 

67.  4 

5.9 

Uncoupled 

42 

±5.0 

67.4 

5.4* 

*Recommended  design  criteria  for  the  two  landing  gear  configtirations 
based  on  weight  effectiveness  only. 


**This  is  not  a  weight  effective  design  from  the  point  of  view  of  accident 
occurrences,  but  has  been  included  for  comparison  only. 

***The  roll  angle  is  just  greater  than  ±5.0  degrees. 


TABLE  36.  COST  TREND  TABLE  FOR  CRASH  IMPACT  OF  HELICOPTER  WITH 
COUPLED  RETRACTABLE  LANDING  GEAR 
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replacing  crew"  if  the  helicopter  were  not  crashworthy,  given  in  Column  6  of 
Tables  36  and  37,  represents  the  product  of  the  total  cost  of  $400,000  to  replace 
a  crew  of  two  and  the  frequency  of  accident  occurrence  at  the  given  sink  speed. 
The  frequency  of  accident  occurrence  for  each  sink  speed  is  taken  from  the 
cumulative  frequency  of  accident  occurrence  curve  shown  in  Figure  89.  The 
"total  cost"  of  Column  8  of  Tables  36  and  37  represents  the  cost  of  replacing 
all  of  the  additions  made  to  the  airframe  for  crashworthiness  and  that  of  replac¬ 
ing  the  crew  based  on  the  frequency  with  which  accidents  occur  at  these  sink 
speeds , 

8.5  COST  TREND  CURVES 

The  cost  trend  curves  shown  in  Figures  97  and  98  show  the  cost  of  replacing 
airframe  and  crew  for  the  case  of  the  coupled  retractable  landing  gear.  The 
costs  of  replacement  for  the  case  of  the  uncoupled  retractable  landing  gear 
are  shown  in  Figures  99  and  100.  The  variation  with  pitch  angle  is  not  shown 
in  these  figures  because  it  is  minimal  as  the  weight  trend  curves  show.  The 
cost  trend  curves  are  based  on  the  approach  proposed  in  Reference  10  for 
determining  optimum  increases  in  cost  and  weight  to  provide  the  desired  crash- 
worthiness  against  diminishing  returns  of  increased  probability  of  crash 
survival. 

The  cost,  X,  of  additions  to  the  airframe  with  coupled  landing  gear  to  increase 
crashworthiness  increases  almost  linearly  through  all  sink  speeds  (Figure  97). 
The  probable  cost,  Y,  of  replacing  the  crew  for  a  noncrashworthy  helicopter 
reflects  the  high  frequency  with  which  accidents  occur  between  20  and  30  fps. 
The  total  cost  (X  +  Y)  of  the  airframe  incremental  weight  and  the  crew  for 
the  coupled  landing  gear  configuration  is  shown  in  Figure  98  as  a  function 
of  sink  speed  and  roll  angle.  The  cost  is  the  sum  of  the  airframe  cost  and 
the  probable  cost  of  replacing  the  crew.  The  total  cost  (X  +  Y)  increases 
with  roll  angle  and  is  lowest  at  0  degree  roll  impact  for  all  sink  speeds.  The 
minimum  point  on  the  total  cost  curves  for  ±5  and  ±10  degree  roll  is  at  a  sink 
speed  of  39  fps.  The  minimum  cost  for  the  ±15  degree  roll  occurs  for  38  fps. 

The  largest  increment  in  cost  occurs  between  0  and  5  degree  roll,  after  which 
the  increment  is  uniform  for  increasing  roll  angle.  The  large  increment  between 
0  and  5  degrees  is  due  to  the  inclusion  of  the  torque  tube. 

The  corresponding  plots  for  the  uncoupled  landing  gear  are  shown  in  Fig¬ 
ures  99  and  100.  The  plot  for  the  total  cost  (X  +  Y)  of  replacing  all  airframe 
components  and  the  crew,  shown  in  Figure  100,  shows  that  the  lowest  cost 
for  0- ,  10- ,  eind  15-degree  roll  occurs  for  a  sink  speed  of  39  and  38  fps,  whereas 
the  lowest  cost  for  5-degree  roll  is  for  a  sink  speed  of  42  fps. 

8.6  COST  EFFECTIVE  DESIGN  CRITERIA 

The  cost  effectiveness  of  the  two  designs  is  not  apparent  from  Figures  98 
and  100.  Separately,  for  each  of  the  roll  angles  a  cost  effective  design  exists. 
For  the  coupled  landing  gear  configuration,  the  cost  effective  design  for  all 
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Figure  100.  Cost  trend  curves  for  helicopter  with  uncoupled  landin 


roll  angles  is  at  a  sink  speed  of  38  or  39  fps.  In  contrast,  for  all  the  uncoupled 
landing  gear  configuration,  the  cost  effective  design  for  ±10  and  ±15  degree 
roll  angles  is  at  38  fps  but  for  ±5  degree  roll  angle  is  at  42  fps. 

The  costs  of  the  potential  design  criteria  for  each  roll  angle  are  given  in 
Table  38.  On  the  basis  of  cost  alone,  the  crash  impact  condition  of  42  fps 
and  ±5  degree  roll  angle  suggests  itself  as  the  design  criterion  for  the  uncou¬ 
pled  landing  gear  configuration.  However,  for  the  coupled  landing  gear  con¬ 
figuration  several  possibibties  exist;  these  are  discussed  in  the  following 
section. 


TABLE  38.  POTENTIAL  DESIGN  CRITERIA  BASED  ON  COST  EFFECTIVENESS 


Roll 

Sink 

Cumulative  Frequency 
of  Accident 

Cost , 

Landing 

Angle, 

Speed , 

Occurrence , 

Gear 

degrees 

fps 

0, 

0 

$ 

Coupled 

0 

39 

28.7 

112,000 

Uncoupled 

0 

39 

28.7 

112,000 

Coupled 

<  ±5* 

39 

65.7 

134,000 

Uncoupled 

±5 

42 

67.  4 

118,630 

Coupled 

±10 

39 

78.6 

144,000 

Uncoupled 

±10 

38 

77.  9 

125,200 

Coupled 

±15 

38 

85.7 

150,000 

Uncoupled 

±15 

38 

_ 

85.7 

132,000 

*The  roll  angle  is  just  greater  than  ±5  degrees. 


8.7  DESIGN  CRITERIA 

The  aesign  of  the  crashworthy  landing  gears,  both  retractable  and  fixed  with 
torque  tube,  met  the  design  requirements  of  sink  speed,  roll  angle  and  pitch 
angle  within  the  design  gross  weight  of  10,000  pounds.  The  same  requirements 
were  met  by  the  uncoupled  retractable  and  fixed  landing  gears.  The  difference 
in  the  weights  between  the  two  designs  is  due  to  the  lighter  landing  gear  but 
heavier  fuselage  when  torque  tube  coupling  is  absent.  The  helicopter  design 
with  the  coupled  landing  gear  has  a  heavier  landing  gear,  whereas  that  with 
the  uncoupled  landing  gear  has  a  heavier  fuselage  underfloor  structure.  The 
weight  effective  designs  of  the  two  helicopter  configurations  have  been  dis¬ 
cussed  in  Section  8.3  and  the  design  criteria  presented  in  Table  35.  The 
difference  in  costs  between  the  two  designs  varies  with  the  design  criterion 
because  fuselage  fabrication  cost  is  lower  than  the  cost  of  landing  gear  fabrica¬ 
tion.  The  potential  cost  effective  design  criteria  are  presented  in  Table  38. 

The  cumulative  frequencies  of  occurrences  of  various  sink  speeds  and  roll 
angles  are  shown  in  Figures  89  and  91.  A  36  fps  impact  occurs  with  a  cumula¬ 
tive  frequency  of  89  percent  and  a  42  fps  impact  with  95  percent.  Similarly, 
a  ±5  degree  roll  impact  occurs  with  a  cumulative  frequency  of  71  percent, 
and  ±7.5,  ±10  and  ±15  degree  roll  impacts  with  80,  85  and  93.5  percent,  respec¬ 
tively.  The  percentages  of  cumulative  frequency  of  the  product  of  each  of 
two  sink  speeds  and  four  roll  angles  are  given  in  Table  39. 

The  design  criteria  for  the  two  designs  are  pi'esented  below,  and  the  conse¬ 
quences  of  these  recommendations  arc  discussed  in  Section  8.  8. 


TABLE  39.  CUMULATIVE  FREQUENCY  OF  ACCIDENT  OCCURRENCE 
(SINK  SPEED  X  ROLL  ANGLE) 


Sink  Speed  , 
fps 

Roll  Angle, 
degrees 

Cumulative  Frequency  of 
Accident  Occurrence 

42 

±5 

0. 6745 

42 

±7.5 

0.7600 

42 

±10 

0. 8075 

42 

±15 

0. 8882 

36 

±5 

0.6319 

36 

±7.  5 

0. 7096 

36 

±10 

0.7540 

36 

±15 

0. 8293 

8.7.1  Coupled  Retractable  Landing  Geai' 

The  weight  effective  desigti  criteria,  shown  in  Table  35,  for  the  coupled  landing 
gear  are  given  as  a  sink  speed  of  36  Ips  and  a  roll  angle  of  ±7.5  degrees. 

In  contrast,  the  cost  effective  design  criterion,  shown  in  Table  38,  can  be 
one  of  several.  If  the  choice  is  based  on  the  highest  possible  sink  speed  to 
maximize  the  cumulativ'c  freciuency  of  accident  occurrence,  the  cost  effective 
design  criteria  for  the  coupled  landing  gear  cire  given  as  a  sink  speed  of 
3'1  fps  and  a  roll  angle  of  ±10  degrees.  The  cost  effective  criteida  ai-e  close 
to  the  wi'ight  effective  criteria  but  with  an  increased  cunulative  frecjuency 
of  accident  occurrence  of  78.6  percent.  In  terms  of  "standard"  sink  sjieed 
\  lines  .  the  recommended  criteria  are 


\'e iocit y  Roll  Angle  Pitch  An gle 

■i.-’  Ips  0  to  ±7.5  di'g  -5  to  ±15  deg 

30  'pi'  t)  to  ±15  ch'g  -5  to  +15  deg 

Ifl  ip:.’  .iP.d  !e.^.-  gi'eater  than  ±15  deg  -5  to  -*15  deg 

i  *',e  ri  co::,’::e  :u!  ■  ri  ,  r. i;i  a  o.  t  jiercent  increa.'^i'  in  gross  weight  o\"er 

tile  sPiiuiaril  Is'iiwpier  i  .  .  omul. it:', c  fiaa; la -ti cy  ot  accidian  occurrence 
o  t  ,5  t  pi  ‘I'C'c:'  t  . 
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8.7.2  Uncoupled  Retractable  Landing  Gear 

The  weight  effective  design  criteria  given  in  Table  35  for  the  uncoupled  landing 
gear  correspond  exactly  to  the  cost  effective  criteria  if  the  basis  for  the  choice 
is  the  highest  possible  sink  speed  which  will  maximize  the  cvunulative  frequency 
of  accident  occurrence.  The  criteria  are  for  a  sink  speed  of  42  fps  and  a 
roll  angle  of  ±5  degrees  for  a  5.4  percent  increase  in  gross  weight  and  a  cumu¬ 
lative  frequency  of  accident  occurrence  of  67.5  percent.  However,  a  5.4  percent 
increase  in  gross  weight  corresponds  to  a  sink  speed  of  36  fps  and  a  roll  angle 
of  ±10  degrees,  which  results  in  a  cumulative  frequency  of  accident  occurrence 
of  75.4  percent.  The  recommended  criteria  are  therefore 


Velocity 


42  fps 
36  fps 

30  fps  and  less 


Roll  Angle 


0  to  ±5  deg 
0  to  ±10  deg 
greater  than  ±15  deg 


Pitch  Angle 


-5  to  ±15  deg 
-5  to  +15  deg 
-5  to  +15  deg 


8.8  DISCUSSION 

The  criteria  for  the  coupled  landing  gear  encompass  83.  0  percent  of  all  accidents 
with  a  6.  3  percent  increase  in  gross  weight.  The  total  cost  for  increasing 
crashworthiness  per  aircraft  and  replacing  the  crew  in  case  of  an  accident 
is  $150,974. 

The  criteria  for  the  uncoupled  landing  gear  encompasses  75.4  percent  of  all 
accidents  with  a  5.4  percent  increase  in  gross  weight  and  a  total  cost  of  $127,386 
per  aircraft.  This  results  in  a  weight  savings  of  88  pounds  and  a  cost  savings 
of  $24,000  over  the  coupled  landing  gear  criteria. 

From  the  above  discussion,  it  is  evident  that  the  helicopter  with  the  uncoupled 
landing  gear  is  both  weight  and  cost  effective.  The  trade-off  between  the 
two  criteria  is  between  increased  survivability  (83.0  percent  as  against  75.4  per¬ 
cent)  and  a  lighter  helicopter  (88  pounds  in  weight  savings)  and  a  cost  effective 
design  ($24,000  in  savings).  The  helicopter  with  the  uncoupled  landing  gear  is 
107  pounds  lighter  than  that  with  the  coupled  landing  gear  when  the  cross 
tube  is  made  of  graphite /epoxy  material. 

The  criteria  for  the  uncoupled  landing  gear  are  attractive  because  they  result 
in  a  lighter  and  less  expensive  helicopter  which  is  both  cost  and  weight  effec¬ 
tive.  The  increased  agility  of  a  lighter  helicopter  can  compensate  for  the 
decreased  survivability  level  of  these  criteria. 


The  recommendation  is  for  a  helicopter  with  an  uncoupled  retractable  landing 
gear  with  a  parasitic  drag  of  10.16  square  feet  with  the  gear  retracted  and 
designed  to  meet  the  crzishworthiness  requirements  of  Table  40.  This  results 

a.  A  weight  effective  design 

b.  A  cost  effective  design 

c.  An  increased  weight  of  only  5.24  percent  over  the  standcird  heli¬ 
copter  when  the  cross  tube  is  made  of  graphite /epoxy  material 

d.  75.4  percent  survivability  of  all  accidents 

TABLE  40.  RECOMMENDED  DESIGN  CRITERIA 


Impact  Velocity, 

Range  of  Roll  Angles , 

Range  of  Pitch  Angles, 

fps 

degrees 

degrees 

42 

0  to  ±5 

-5  to  +15 

36 

0  to  ±10 

-5  to  +15 

30  and  less 

Greater  than  ±15 

-5  to  +15 

SECTION  9 


DESIGN  UPDATE 


9.1  THE  DESIGNS 

The  design  update  was  completed  in  the  Phase  III  study  and  incorporated  the 
recommended  design  criteria  of  Table  40.  The  most  significant  result  of  the 
Phase  II  study  was  the  decision  to  decouple  the  trailing  arms  of  the  main  landing 
gecir.  This  chcinge  resulted  in  reduced  component  loading,  helicopter  weight 
and  design  complexity.  The  changes  made  for  the  major  landing  gear  compo¬ 
nents  are  discussed  below. 

9.1.1  Cross  Tube 

The  cross  tube  is  the  supporting  member  for  the  trailing  arms  of  the  main 
landing  gear.  The  cross  tube  is  designed  using  300M  alloy  steel  and  its  geome¬ 
try  is  shown  in  Figure  101.  The  cross  tube  is  lighter  than  the  torque  tube, 
shown  in  Figure  11,  which  is  its  counterpart  in  the  coupled  landing  gear  design. 
Unlike  the  torque  tube,  the  cross  tube  is  not  designed  to  transmit  the  high 
torsional  loads  of  unsymmetrical  crash  impact  but  merely  provides  the  pivot 
for  the  trailing  arms  and  restrains  tbc-ir  movement  only  to  rotation  about  a 
lateral  axis  of  the  helicopter.  Consequently,  the  cross  tube  has  a  smaller 
cross  section  than  the  torque  tube  and  does  not  possess  the  splines  to  engage 
the  trailing  arms.  The  nominal  outside  diameter  of  the  cross  tube  is  4.0  inches 
with  a  wall  thickness  of  0.150  inch  for  a  crash  impact  at  42  fps  and  15-degree 
roll.  The  trailing  arms  mount  at  each  end  of  the  cross  tube  on  bearing  surfaces 
(Figure  17) . 

With  the  reduced  loading  on  the  cross  tube,  it  can  be  designed  using  graphite/ 
epoxy  in  the  updated  design.  The  cross  tube  will  have  a  graphite/epoxy  center 
section  and  steel  end- fittings .  The  steel  end-fittings  are  bonded  to  the  center 
section  with  a  3-inch  overlap.  The  graphite /epoxy  cross  tube  is  56  inches 
long  and  has  a  nominal  outside  diameter  of  4.  0  inches  with  a  wall  thickness 
of  0.200  inch  for  a  crash  impact  at  42  fps  and  15-degree  roll.  The  dimensions 
of  the  end- fittings ,  12  inches  in  length  at  each  end,  are  the  same  as  those 
of  the  steel  cross  tube.  The  bonding  of  the  end- fittings  to  the  center  section 
and  the  mounting  of  the  trailing  arms  to  the  cross  tube  are  shown  in  Figure  21. 
The  composite  cross  tube  is  19  pounds  lighter  than  the  steel  cross  tube,  ^ls 
given  in  Table  11. 
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9.1.2  Main  Gear  Trailing  Arms 


The  changes  made  for  the  cross  tube  directly  influence  the  design  of  the  trailing 
arm.  The  elimination  of  the  torsional  load  transfer  requirement,  combined 
with  elimination  of  the  splines,  results  in  a  reduction  of  the  cross  section  of 
the  entire  trailing  arm.  The  redesigned  trailing  arm  (Figure  102)  weighs 
25.6  pounds  compared  with  the  old  trailing  arm  (Figure  12)  weight  of  37,6  pounds. 
The  trailing  arm  is  designed  to  be  constructed  of  300M  alloy  steel. 

9. 1.  3  Shock  Struts,  Main  and  Tail 

The  shock  strut  combines  the  requirements  of  the  oleo,  the  energy- absorbing 
strut  and  the  retraction  actuator.  The  design  specifications,  therefore,  are 
those  of  the  landing  gear  geometry,  stated  in  Section  3.  3  and  shown  in  Fig¬ 
ures  9  and  10;  the  ground  resonance  requirements  of  Section  3.  9;  and  the 
energy-absorbing  requirements.  The  desired  energies  to  be  absorbed  by 
the  main  shock  strut,  with  a  maximum  available  stroke  of  24  inches,  were  speci¬ 
fied  in  terms  of  the  following  main  strut  loadings: 


a. 

During  crash 

43,400  pounds 

b. 

2g  hard  landing 

12,100  pounds 

c. 

Static  position 

6,050  pounds 

Several  design  concepts  were  identified  by  Menasco,  Inc.  of  BurbanV:,  California. 
The  design  scheme  selected  for  the  main  strut  was  one  which  satisfies  all  the 
above  requirements  and  one  with  the  lowest  inertia  of  the  stroking  section, 
which  reduces  the  load  impulses  induced  by  the  inertia  of  the  shock  struts 
during  crash  impact.  An  additional  requirement  was  simplicity  of  design. 

The  main  shock  strut  is  shown  in  Figure  103.  It  is  made  of  300M  alloy  steel 
and  weighs  128  pounds.  The  tail  shock  strut  is  similar  in  design  but  with 
a  strut  load  of  62,300  pounds  during  crash  and  a  stroke  of  12  inches. 

9.1.4  Trailing  Arm,  Tail  Geair 

The  retractable  tail  gear  design  update  includes  only  minor  changes  from  the 
trailing  arm  design  shown  in  Figure  13.  The  revised  trailing  arm  design, 
shown  in  Figure  104,  has  a  slightly  increased  torsional  capability.  The  trailing 
arm  of  the  fixed  tail  gear  has  been  refined  to  include  a  yoke  to  attach  it  to 
the  fuselage.  This  change  was  made  to  improve  maintainability  and  simplify 
assembly.  The  trailing  arm  of  the  fixed  tail  gear  is  shown  in  Figure  105. 

9.2  LANDING  GEAR  WEIGHT 

The  weights  of  the  retractable  and  fixed  uncoupled  landing  gears  are  given 
in  Table  41  for  the  recommended  design  criteria  of  Table  40.  These  retractable 
and  fixed  gears  are  94  pounds  and  47  pounds  heavier  than  the  standard  (non¬ 
crashworthy)  gears.  To  absorb  the  crash  impact  energy,  however,  the  fuselage. 


Trailing  arm  of  crashworthy  iincoupled  main  landin 


TABLE  41.  LANDING  GEAR  COMPONENT  WEIGHTS  IN  POUNDS 
FOR  RECOMMENDED  DESIGN 


Retractable 


Component 


Rolling  Assembly 

Cross  Tube,  Graphite/Epoxy 

Gear- Fuselage  Attachment  Fittings 

Trailing  Arms 

Shock  Strut 

Attachment  Fittings 

Controls 


Subtotals 


Totals 


Fixed 

MLG 

TLG 

68 

10 

24 

- 

15 

10 

51 

29 

107 

12 

12 

5 

277 

66 

343 

seat,  and  fuel  systems  are  strengthened  by  397  pounds.  The  total  increase  in 
weight  for  the  entire  helicopter  with  the  retractable  landing  gear  is  491  pounds  , 
and  5.24  percent,  over  the  standard  helicopters.  The  total  gross  weight  of 
the  helicopter  with  the  retractable  gear  of  the  recommended  criteria  is  shown 
in  Table  42.  If  a  steel  cross  tube  replaces  the  graphite /epoxy  cross  tube, 
an  addiitonal  weight  of  12  pounds  is  gained  for  the  crash  impact  condition 
recommended  as  the  design  criterion.  This  results  in  a  helicopter  of  9868 
pounds  gross  weight,  which  is  5.36  percent  heavier  than  the  standard  helicopter 

9.3  DRAG  ESTIMATE 

The  design  did  not  result  in  any  changes  in  the  parasitic  drag  from  that  calcu¬ 
lated  in  Phase  I.  The  drag  estimates  are  given  in  Table  5. 

9.4  GROUND  RESONANCE  ANALYSIS 


The  changes  in  the  design  did  not  modify  the  requirements  identified  earlier 
in  ground  resonance  analysis  and  described  in  Section  3.  9. 


9.6  COST 

The  cost  of  the  landing  gear  with  the  uncoupled  trailing  arm  design  has  been 
based  on  a  parametric  study  of  the  AH-64  landing  gear.  The  cost  has  been 
estimated  from 

a.  Actual  costs  of  wheels,  brakes  and  tires 

b.  $Z38  per  pound  for  all  fabricated  structural  hardware 

c.  Estimated  cost  on  all  shock  struts  based  on  current  vendor  prices 
for  the  AH-64  systems 

The  costs  shown  below  are  the  selling  prices  based  on  1000  ship  sets  with  an 
86  percent  learning  curve. 


a. 

Main  Gear 

$17,482 

b. 

Main  Shock  Strut 

$51,420 

c. 

Tail  Gear  with  Shock  Strut 

$10,618 

The  estimated  total  cost  of  the  landing  gear  is  $79,520. 

9.7  MANUFACTURING  PROCESS 


The  components  of  the  landing  gear,  identified  in  Table  41,  can  be  divided  into 
three  categories  from  the  manufacturing  and  procurement  point  of  view:  special¬ 
ized  landing  gear  component  items  which  are  procured  from  their  respective 
manufacturers,  items  which  are  fabricated  by  existing  methods,  and  items 
which  are  fabricated  of  composite  materials.  Rolling  assemblies,  consisting 
of  wheels  ,  brakes  and  tires  ,  and  controls  are  specialized  items  procured  from 
the  respective  manufacturers.  The  trailing  arms,  shock  struts  and  attachment 
fittings  are  made  of  conventional  materials  and  are  fabricated  according  to 
existing  methods, 

The  center  section  of  the  graphite /epoxy  cross  tube  consists  of  ply  orientations 
of  0°/±45°/90°  in  percentages  of  64/18/18,  respectively.  With  the  simple  geome¬ 
try  of  the  cross  tube,  it  is  best  manufactured  by  filament  winding  techniques. 
The  end  fittings  are  fabricated  using  existing  metal  technology  and  then  bonded 
to  the  center  section  to  complete  the  assembly  of  the  cross  tube. 


9.8  RELIABILITY  AND  MAINTAINABILITY 


Short  direct  load  paths  from  gear  attachment  points  to  main  fuselage 

A  relatively  constant  geometry  factor  to  achieve  high  stroke  efficiency 

Combination  of  actuator  and  energy-absorbing  strut  which  utilizes 
the  stroking  action  as  the  retraction  mechanism 

Minimizes  degrees  of  motion  involved  in  the  stroking /retraction 
process 

Energy  absorbed  by  the  landing  gear  is  optimized  by  allowing  the 
fuselage  to  absorb  as  much  energy  as  possible  for  a  cost  and  weight 
effective  design. 

Landing  gear  materials  chosen  are  those  readily  available  requiring 
existing  and  simple  manufacturing  processes. 


SECTION  10 


CONCLUSIONS  AND  RECOMMENDATIONS 


Two  crashworthy  landing  gear  design  configurations  for  a  10,000  pound  LHX 
utility-class  helicopter  have  been  evaluated.  Based  on  weight  and  cost  trend 
curves,  design  criteria  have  been  recommended  and  the  preliminary  designs 
of  crashworthy  retractable  and  fixed  gears  have  been  completed. 

The  specific  requirements  of  the  design  are  to  meet  crashworthiness  requirements 
of  impact  velocity,  roll  angle  and  pitch  angle.  The  requirements  were  satisfied 
in  all  cases  through  analyses  by  program  KRASH.  The  approach  taken  to 
absorb  the  crash  kinetic  energy  is  the  systems  approach  where  the  system 
of  the  landing  gear,  fuselage  and  stroking  seat  share  the  energy  to  make  the 
impact  survivable. 

The  first  landing  gear  design  configuration  investigated  was  a  design  with 
a  torque  tube  to  couple  the  trailing  arms  of  the  gear  in  order  to  actuate  the 
energy- absorbing  shock  strut  of  the  upside  gear  in  a  nonsymmetrical  crash 
condition.  The  second  landing  gear  configuration  was  without  the  coupling 
of  the  torque  tube.  The  difference  in  the  crash  impact  behavior  between  the 
two  designs  is  the  additional  energy  that  is  absorbed  by  the  fuselage  with 
uncoupled  gear  for  a  nonsymmetrical  impact. 

Based  on  the  weight  sensitivity  analysis,  the  tmcoupled  composite  gear  config¬ 
uration  has  a  weight  advantage  of  nearly  0.7  percent  of  the  gross  weight  in  a 
one-to-one  comparison.  Additionally,  the  strokes  of  the  down-side  landing 
gear,  fuselage  and  seat  increase  over  that  of  the  coupled  gear  in  order  to 
attenuate  the  same  impact  energy. 

The  design  advocated  is  an  uncoupled  main  landing  gear  with  a  graphite /epoxy 
cross  tube  and  a  pair  of  combination  actuator /shock  strut.  The  design  criteria 
for  the  landing  gear  is  based  on  weight  trend  curves  and  cost  trend  curves 
developed  during  the  program.  The  design  criteria  recommended  is  cost¬ 
and  weight-effective,  and  achieves  a  75.4  percent  survivability  from  all  accidents. 

The  helicopter  designed  to  the  recommended  criterion  is  5.24  percent  heavier 
than  the  standard  noncrashworthy  helicopter  for  a  retractable  gear  configura¬ 
tion  and  4.74  percent  for  a  fixed  gear  configuration. 


Based  on  the  results  of  this  effort,  it  is  recommended  that: 


a.  The  uncoupled  landing  gear  design  be  further  refined  on  the  basis 
of  an  optimum  fuselage  underfloor  design,  through  KRASH  analyses, 
in  a  trade-off  study  involving 

•  A  higher  loading  fuselage  design  instead  of  the  longer  stroking 
fuselage  design,  which  hcis  been  completed 

•  A  two-stage  load-limit  design 

b.  A  landing  gear  designed  to  the  recommended  criterion  be  fabricated 
and  tested  to  correlate  the  test  results  with  those  of  structural 
analysis . 

Irrespective  of  the  recommendation  for  further  analyses,  fabrication  and  testing 
of  the  landing  gear  should  be  pursued  as  a  follow-on  program. 
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Figure  A-2.  Mid  region;  0  degree  roll,  landing  gear  extended 


AIRCRAFT  SINK  SPEED,  fps 


Figure  A- 9.  Tail  region;  10  degree  roll,  landing  geair  extended 


AIRCRAFT  SINK  SPEED,  fps 

Figure  A- 10.  Nose  region;  15  degree  roll,  landing  gear  extended 


AiRCRAFT  SINK  SPEED,  fps 


♦  19  DEG  PITCH 


Figure  A-13.  Nose  region;  0  degree  roll,  Ictnding  gear  retracted 
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rail  region;  0  degree  roll,  landing  gear  retracted 


AIRCRAFT  SINK  SPEED,  fps 

Figure  A- 22.  Nose  region;  15  degree  roll,  landing  gear  retracted 


AIRCRAFT  SINK  SPEED,  fps 


TABLE  B-2.  FUSELAGE  CRUSH  DISTANCE  FOR  36  fps  IMPACT,  LANDING  GEAR  EXTENDED 


SPRING  THAT  APPEARS  IN  THE  CIRCLE 


TABLE  B-3.  FUSLAGE  CRUSH  DISTANCE  FOR  30  fps  IMPACT,  LANDING  GEAR  EXTENDED 


SPRING  THAT  APPEARS  IN  THE  CIRCLE 


TABLE  B-4.  FUSELAGE  CRUSH  DISTANCE  FOR  20  fps  IMPACT,  LANDING  GEAR  EXTENDED 


lb  lb  0  0  2  m  uuuuoouuuoo 

REMARK:  C )  INDICATES  THAT  THESE  DEFLECTIONS  ARE  THE  SAME  DEFLECTIONS  AS  THE 
SPRING  THAT  APPEARS  IN  THE  CIRCLE 


REMARK:  C )  INDICATES  THAT  THESE  DEFLECTIONS  ARE  THE  SAME  DEFLECTIONS  AS  THE 
SPRING  THAT  APPEARS  IN  THE  CIRCLE 


SPRING  THAT  APPEARS  IN  THE  CIRCLE. 


SPRING  THAT  APPEARS  IN  THE  CIRCLE 


Figure  C-2.  Occupant  seat  stroke;  5  degree  roll,  landing  gear  extended 
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Figure  C-3.  Occupant  seat  stroke;  10  degree  roll>  landing  gear  extended 


AIRCRAFT  SINK  SPEED,  fps 


Figure  C-7.  Occupant  seat  stroke;  10  degree  roll,  landing  gear  retracted 


